Fuel consumption of vehicles in urban areas with particular reference to junction design. by Gardiner, P. F.
FUEL CONSUMPTION OF VEHICLES IN 
URBAN AREAS WITH PARTICULAR
REFERENCE TO JUNCTION DESIGN.
Thesis submitted to the Department of Mechanical Engineering 
of The University of Surrey
in fulfilment of the requirement for the the award 
of a Ph.D degree.
P.F.GARDINER 
B.Sc.(Eng.), M.Eng., C.Eng., M.I.C.E
September 1984.
<r c\ t S' tv t
ProQuest Number: 10798473
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10798473
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
Summary
SUMMARY
The purpose of this work was to examine vehicle fuel 
consumption in urban areas and provide a means by which consumption in 
various situations could be expressed.
A review of previous work has been made, including details of 
the models used for overall consumption in urban areas. The models used 
are examined and compared with a simple model based on journey distance, 
journey time, and number of stops. The value of kinetic energy change 
as a predictive variable is also examined.
An explanation of commercial vehicle consumption is provided, 
but there are difficulties in generalising this to include the whole 
vehicle fleet. Minimum estimates of consumption related to gross 
vehicle weight and functions of journey speed are therefore given for 
overall consumption and for urban conditions.
The effect on fuel consumption of changing the area traffic 
signal control regime from TRANSYT to SCOOT is examined. The method 
used is to compare complete journeys of several kilometres rather than 
short lengths of road near each signal. Significant improvements are 
found for those routes which are mainly inside the control areas.
Consumption at roundabouts, in queues, at simple curves and at 
part stops are considered in detail. The roundabout data and queueing 
data were collected on street, and the test track results for part stops 
and simple c-urves are compared with limited on street data. Predictive 
equations are given for the consumption of a 2.2 litre car.
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Definitions
DEFINITIONS
SYMBOL unit Chapter DEFINITION
A m2 3 equivalent vehicle frontal area
a,A m /sec2 3- acceleration
a,b,c,d,e,i,j,k and A,B,C and K are also used as constants,bur
acceleration is specified clearly if it is used.
7 Maximum 3-second acceleration
7 distance on roundabout roadway -taken between 
points where the vehicle trajectory leaves the 
tangent or the normal approach curve.
8 Excess fuel this is
taken as the actual CC less notional 
consumption at CRUISE along actual alignment.
ACC
ACDIST
ACXSCC
m/sec2
m
cc
ADELAY sec
ANBYD Rt.An/km 5 
ANG ° 7
Angle ° 7
ANGLE Rt angles 5
APV
ARC
AV
AXSCC
BENDY
BHP
CC
Cd
CRUDEKE
CRUISE
CRUSQ
CXSCC
kph
m
kph
cc
°/m
h.p
cc 5
3
m 2/sec2 7- 
m/sec 
m 2/sec2 8 
cc 8
Actual time in queue less actual time 
on free run 
ANGLE/km turned through in Right Angles 
Total angle turned through on R@(Fig 7.1)
Total angle turned through on R@ (Fig 7.1)
Total angle turned through where the radius 
is less than 50m 
Approach speed to R@ 
arc length
approach speed to curve 
Excess fuel caused by queue above 
free run consumption with no queue 
Bendiness index-angle turned through/metre run 
brake horse power.These are the only non­
metric units adhered to; They are in 
wide use, quoted in all source material 
1 h.p =745.7 W 
Fuel consumed in cc
drag coefficient from vehicle shape 
KE loss from CRUISE to minimum speed 
supposed desired speed of vehicle without delay. 
CRUISE speed squared
Excess fuel on simple curve see p.407 et seq.
Definitions
SYMBOL unit Chapter DEFINITION
CIJBV m/sec3 5 Journey speed cubed
CYCTIME sec 8 Total time for a part stop
D m 3- distance. Usually shorthand for distance moved
along vehicle path, 
d sec 3- delay. Usually shorthand for extra time taken
above that for travel at the cruise speed 
For R@ s this is specifically :
(actual J T -  time at CRUISE along tangents) 
DAYTIM - 5 Survey period No.-day followed by period 1-4
DEC m/secz 7 Maximum 3-second deceleration
DEFL ° 8 Deflection angle
DEL40 sec 5 Notional delay as the difference between
journey time less the time taken if the veh. 
DEL50 sec 5 had cruised at 40 (DEL40) or 50 (DEL50) kmph
DELAY sec 8 actual JT less notional time at CRUISE on
actual path
DELTAN sec 7 Journey time less notional time via tangents
at APV on approach tangent and DEPV out.
DEPV kph 7 Departure speed from R@
DGRD % 7 Gradient on departure roadway.
DIST m 5- Journey distance in m
DISTAN m 7 distance between TPs via IP of R@ tangents
DURSTP sec 5 average duration of a stop for given run
DV kph 8 departure speed from curve
E % 2 Efficiency of transmission
EDELAY sec 7 Actual time in queue less notional time @ 50 kph
ENTRYKPH kph 8 approach speed in part stop
ESTCC cc 8 estimated cc from cruise speed
EXIT - 7 R@ exit taken by test car (left turn = 1 etc)
EXPF cc 7 expected fuel consumption if no queue existed
EXPT sec 7 expected journey time at CRUISE if no queue
Definitions
SYMBOL unit Chapter DEFINITION
FABYD
FALL
FC
Fd
Ff
Fg
Fgd
Fge
Fr
g
Ga
GA
Gd
6-D
GDIST
GRADE
CLV
GVW
GVWe
GVWf
I
INDIA
INDIST
INVD
INVDSQ
INVV •
INVVSQ
IP
m/km 5-
m 5-
1/100km 2- 
cc 7
N 3
cc 7
cc 7
cc
cc
N
%
m/sec2
%
%
m
%
tonne
t
t
kg
m
m 7
l/sec 8
1/sec2 ® 
sec/m 5 
secz/m2 5 
7
The ”F" statistic, testing the null hypothesis
that the multiple correlation is zero in the
population from which the sample was drawn.
Cumulative falls in height over a trip
Sum of all reductions in height over given route
Fuel consumption
excess fuel caused by delay at R@
front tyre rolling resistance
Total fuel used in negotiating a R@
Total excess fuel caused by R@ including
delay related excess fuel
Excess fuel caused by R@ geometry, having
allowed for the excess caused by delay
rear tyre rolling resistance
gradient in percent
standard gravity, 9.806 m/sec2
Approach grade to R@
(rVW* I/*-
Departure grade from R@
distance between reference points less
arc length traversed in curve
Grade in percent 
CrVW.V  ^
Gross vehicle weight
Gross vehicle weight of empty vehicles 
Gross vehicle weight fully laden vehicles 
vehicle equivalent mass including the rotational 
equivalent mass of wheels, transmission etc, 
(i.e. the mass of a particle that requires the 
same force to accelerate it as the vehicle.)
R@ inscribed circle diameter (the largest 
circle touching but not crossing the outer 
kerblines.
Dist. from TP1 on R@ approach to Give Way line
inverse of delay
inverse of delay squared
inverse Journey speed
inverse Journey speed squared.
Intersection point of the tangents to the 
approach and departure roads
Definitions
SYMBOL
JDCC
JT
JTBYD
kl-k4
KE
KEBYD
KEP
KEPER
KEPTST
KESQ
kph
L
LPERH
m
M
MARK
MEANACC
MEANV
MINTIME
MINV
MODHD
unit Chapter DEFINITION
cc . 7 notional fuel consumed on actual path at CRUISE
sec 5- Journey time 
sec/km 5 Journey time per km
- 3 constants -see Chapter 3 section 3.4.1 . 
m 2/sec2 3- Kinetic energy LOSS. The mass of the vehicle
is subsumed in the constant term.The vehicle 
used for all the TRRL tests has mass 1024kg 
and the passengers approximately 170kg 
(see also PKE and NKE) 
m/sec2 5- KE loss per km
% 8 percent of full stop
- 8 Proportion of KE loss part stop/full stop 
m2/sec2 8 KE loss in actual part stop (this
may be less than the KE recorded which 
includes other variations in a run 
m* /sec4 Square of KE 
kmph - shorthand for kmph
m 7 Length of R@ queue
1/h 5 Average litre of fuel used per hour
m 7 Distance travelled in m through R@.
kg 3 vehicle mass. If the units are other than kg
they are specified (for example 
t is given for tonne or Mg)
- 5 Program marker for missing data
m/sec2 8 mean acceleration over part stop accn 
kph 7- Mean appraoch and departure speeds
kph 8 average of ENTRYKPH and EXITKPH
sec 8 time spent at minimum speed in part stop
kph 7 Minimum speed during run through R@ etc
m/km 5 Modulus of changes in height summed over trip
Definitions
SYMBOL unit Chapter DEFINITION
NS -
NSBYD
NSTOP,NSTOPS 
p lb/in2
P.I.
PARTSTOPXSCC cc
PE
PE
PERIOD
PKACC
PKE
PRIV
PWR
Q
QV
R
r
R2
MJ
m
NJCTN - 5 Number of major intersections along a route -
this may be considered as the No. of junctions 
where the test car does not have right of way 
because of the route it is on.
NKE m2/sec2 3 negative kinetic energy loss
NPF - 3 non-powered fraction of trip
NPN - 7 (EXIT/Total possible exits) for example
left turn on a 4 arm junction NPN = 0.25 
number of stops in R@ queue
Number of stops per km travelled.
5- number of stops per run
tyre pressure 
performance index (d +k.s)
Excess fuel in part stop above CRUISE and 
DELAY consumption 
potential energy
also given in Ch 5 as the difference RISE-FALL 
but this did not prove a significant variable, 
period of day 1 = am peak, 2 = am off peak
3 = pm off peak, 4 = pm peak
peak acceleration in 1 sec during part stop 
positive kinetic energy increase 
Number of vehicles on R@ taking priority over 
test car on approach road. 
kW/t 4 Power to weigth ratio kilowatt/tonne
Nm 3 torque
- 7 number of vehs. ahead of test car in R@ queue
m 7 rise in metres over length of queue L
m 3 wheel rolling radius
- 4- Coefficient of determination, often referred
to as the correlation coefficent.lt is a 
measure of the variability explained in the 
expression for which it is derived.
R@ - shorthand for roundabout
Ra lb 2 air resistance
RAD m 8 radius of turn
Rb lb 2 Braking resistance (used only in reference)
RDIA m 7 R@ central island diameter.
m/sec2 8 
m 2/sec2 3 
7
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Dennitions
SYMBOL unit Chapter DEFINITION
Re lb 2 Tractive effort (used only in reference)
Rg lb 2 Gradient resistance (used only in reference)
RIBYD m/km 5- Cumulative increases in height over a trip
RNDIST m 8 distance between markers -part stops
RNTIME sec 8 elapsed time between markers- 
for part stops
Rr 2 Rolling resistance (only used in reference)
RTRAD m* ' 8 square root of radius
RUN 5 Route of run number
S - 5 Number of stops
s - 3- stop, (see also S, NSTOP, ST, STBYJT,NS)
SCOOT — ■ 5 Area Signal control system (regime)-see 
Reference 5.1
SEC sec 8 elapsed time between reference points
Sf N 3 front tyre side forces
SPCHANGE kph 7 ((APV+DEPV)/2) - MINV
SPDIFF kph 7- (APV - MINV)
SPEED kph 5- Journey speed
Sr N 3 rear tyre side forces
ST sec 5- Stopped time in seconds
ST sec 7 stopped time during time spent queueing.
STB YD sec/ km 5 time stationary per km
STBYJT 5 Proportion of time spent stationary.
STOPS — 5- Number of stops on a trip.See chapter 5 for a 
discussion on the definition.
STOPT sec 5 time spent staionary per run
STPF cc 7 fuel used when stationary in queue
T sec 3- time elapsed
t sec 3- unit time
TANCC cc 7- fuel notionally used by travel along tangents.
TANL m 8 tangent length
TDEL sec 8 actual JT less notional time at CRUISE via 
IP of curve
TDIST m 7
'i
distance along tangents between the start 
and finish points of ACDIST
TDIST m 8 distance between reference points 
via IP on simple curve
Definitions
SYMBOL unit Chapter DEFINITION
TP - 5- Timing points on test car data
Tr N 3 transmission loss
TRANSYT Area signal traffic control system (regime) -see
Reference 5.6
UNITCC cc/lOOm 5- Fuel per 100m derived from raw data,
v m/sec 3 instantaneous speed
V kmph 2- speed in kmph. kph is used for
kmph throughout. The space mean speed 
may be asumed unless otherwise specified, 
instantaneous speed is given as v 
Va kph 7 Approach speed -modal value over last
few seconds before deceleration.
Vd kph 7 Departure speed -modal vaiue over first
few seconds after acceleration.
Vf m/sec 3 final speed after acceleration
VLG log(m/sec) 5 Log base 10 of Journey speed 
Vmin kph 7 Minimum speed reached in R@
Vs m/sec 3 initial speed before acceleration
VSQ m2/sec2 5 Journey speed squared
W ton 2 Gross weight in tons (only used in reference)
WEEK - 5 Survey week TRANSYT 70 and SCOOT 71
WIDTH m 7 INDIA - RDIA (this is NOT the roadwidth.)
X m 7 Excess distance (DIST-TDIST)
NB X may be negative for left turns 
x m 3 variable distance
x,y,z - 3- variable quantities
X1-X17 - 4 Factors used by Evans et a. -see Table 4.19
XSCC cc 7- Fuel on actual run less notional fuel TANCC
for R0>or less notional fuel at CRUISE on 
simple curve*(see Table 8.1 for mathematical 
definition)
XSXS cc 7- excess fuel after allowing for delay excess
xvi
Acknowledgements
ACKNOWLEDGEMENTS
I would first and foremost like to acknowledge my Supervisor, 
Alex Henham, for his consistent, helpful and detailed criticism of my 
work. His comments have made the direction clearer and the results more 
useful.
I gratefully thank The University Authorities and friends and 
colleagues in The University of Surrey, especially Neil Farrar, Mike 
Huxley, Peter Lindsell, and Jim Moore, all of whom undertook some of my 
teaching work during my Sabbatical.Without their support this thesis 
would not have been written. I also thank Liz Campbell and Jane Scutt 
for the typing of some early drafts.
I am also very much indebted to The Urban Networks Division at 
TRRL. In particular Dennis Robertson accepted me as a voluntary worker 
in his Division, allowed access to the Coventry data, and supported much 
data collection on the track and in the field. I hope he finds here 
some answers to some of the simpler problems he posed when I joined his 
Division. -
Much of the work was completed jointly with Bob Baker, and I 
thank Bob for his continued cooperation. I also thank him for the 
meticulous attention to practical detail that made working with him such 
a pleasure, and for the lengthy discussions we have had over Chapter 7.
I would also like to recognise Pat Young who wrote the Texas 960a 
programs and Frank Lucas for guidance during several of the data 
collection stages.
Finally, I would like to record the support given by my 
family, particularly my wife Helen. Not only have they given actual 
help in the production of this volume, but have had to suffer my 
preoccupation with this topic for far too long.
To Helen, Ruth, Elizabeth, William, and James this volume is
dedicated.
Acknowledgements
Russell's Ten Commandments.
"These are the Ten Commandments that, as a teacher, I should wish to 
promulgate" wrote Bertrand Russell when in 1951 he was asked to define 
the essence of the liberal attitude.
"Do not feel absolutely certain of anything.
Do not think it worth while to proceed by concealing evidence, for the 
evidence is sure to come to light.
Never try to discourage thinking, for you are sure to succeed.
When you meet with opposition, even if it should be from your husband or 
your children, endeavour to overcome it by argument and not by 
authority, for a victory dependent on authority is unreal and illusory.
Have no respect for the authority of others, for there are always 
contrary authorities to be found.
Do not use power to suppress opinions you think pernicious, for if you 
do the opinions will suppress you.
Do not fear to be eccentric in opinion, for every opinion now accepted 
was once eccentric. .
Find more pleasure in intelligent dissent than in passive agreement,
for, if you value intelligence as you should, the former implies a
deeper agreement than the latter.
Be scrupulously truthful,even if the truth is inconvenient, for it is 
more inconvenient when you try to conceal it.
Do not feel envious of the happiness of those who live in a fool's
paradise, for only a fool will think that it is happiness."
xviii
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1 CHAPTER ONE. INTRODUCTION
Summary
This chapter puts the research included in the Thesis into a 
broader perspective of transport. The continued prominence of the car 
as a transport mode is discussed, and the overall efficiency of 
transport systems in urban areas is outlined. The methods of analysis 
proposed are considered, and the arrangement of the remaining chapters 
given.
1.1 General Introduction.
Transport is the life-blood of modern westernised society. 
The whole of our way of life depends on efficient, rapid transport of 
people and goods over distances from a few metres to many millions. 
Given'this dependence, it is important that the systems used are 
appropriate, effective and socially acceptable, and, perhaps 
crucially, that they are not wasteful of the limited resources 
available.
This Thesis is concerned with the use of fuel for transport 
in urban areas, and it is necessary to put this into a more general 
perspective. Thus, before looking in detail at the private car 
operating over the road system, it is perhaps worthwhile taking a 
broad view of present transport requirements and the modes of 
transport likely to be available during the next few decades.
Each type of transport so far developed has produced, along 
with social and economic benefits, other less desirable attributes in 
terms of safety, environmental damage, and use of resources. Many of 
the sources of power have dangerous consequences if misused, and this 
applies as much to petrol and gas fuels as to nuclear power. Because 
of these factors, it is often suggested that more trips should be made 
using modes other than the road/car system or that the private car
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should be removed from the streets of our cities, either by 
transferring trips to these other modes of transport or to some new 
system. It is true that the huge advances in micro-technology and 
control systems have radically altered industrial society over the 
last twenty five years but the fundamental fact remains that none of 
the present modes of transport has taken less than fifty years to 
develop to an effective and efficient system. Any new system of 
transport used in the next twenty years to any significant effect is 
with us now, at least in embryo form.
1.2 Tranport Systems and their potential.
The best syntaxis of transport systems, as opposed to 
analysis of them, is perhaps still that of Gabriel Bouladon. In his 
1969 description of transport of the future Gabriel Bouladon, not 
known for his conservatism, demonstrated the importance the motor car 
would continue to play in the hierarchy of transport modes.
(References 1.1 and 1.2). His theme of a transport hierarchy rested 
on a few basic premises.
First that the amount of tripmaking was inversely related to 
journey length. Bouladon plotted what he saw as the present utility 
of various modes, against their range of useful journey distance. 
(Figure 1.1).
Second that the longer the trip, the higher would be the 
basic journey speed requirement. The slope of the speed versus 
distance curve for transport had increased over time, (Figure 1.2) and 
would continue to increase. (This premise received a temporary 
setback in the early 1970's but has since continued). The envelope of 
speed/distance capability of the car would mean it would continue as a 
basic transport function, given further development potential.
The third factor was that the limitations of use of various 
modes was, in part if not wholly, controlled by the basic restraints 
of maximum cruising speed and the access time to the vehicle.
(Maximum cruising speed is the highest reasonable maintained speed.
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Introduction
Access time is the time from the start of the journey to the attaining 
of cruise speed; it includes the time to arrive at the station or 
start point, and the waiting time and boarding time.) The 
door-to-door travel time is wholly dependent on these two variables. 
Bouladon commented on these times for various modes, and whilst there 
were possible new systems that might take over, he gave the opinion: 
"one should not, however, underestimate the possibilities of 
adaptation and improvement of the old combustion engine". The 
immediate accessibility of the car, and its present cruising speed 
capability, would mean tihat it would remain the optimum mode for many 
of the transport needs into the future.
1.2.1 Competitors for the car/highway system.
Bouladon was interested that, in his hierarchy, some 
apparent "gaps" appeared, above and below the motor car system, 
(Figure 1.1: the shaded areas are the gaps) and he suggested how
these might be filled.
In support of Bouladon's premise it can be said that the 
gaps that he identified are the areas where "competition" between 
modes is at its fiercest. At around 100 miles the car is still the 
most used and most useful tfiode, and Bouladon*s anticipated 
development of short-haul aircraft to fill the longer distance gap 
has not taken over the trip range up to 300 miles. The high speed 
train has made inroads into this area, but more at the expense of 
future aircraft patronage than at the expense of the car. On the 
denser traffic routes, the high speed train or a fundamentally 
similar fixed-track-limited-stop system should maintain its share of 
the market, not least because it has the major advantage of a single 
driver. On the other hand, the rail network is not dense enough on 
the ground, nor designed at present to a high enough geometric 
standard, to compete in a general way with the car.
At the short trip end, buses, cycles, underground, 
monorails, and electric vehicles all compete, more or less 
successfully, for the urban passenger and goods traffic; but even
PAGE 5
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here, the car, and its accessibility, score highly: this is true
even when transport corridor demands are high enough to justify 
fixed rail links.
1.2.2 New Systems.
Of the systems in embryo form, the magnetic levitation 
linear motor drive fixed track system may take over some of the 
functions of buses and trains, but it is a high access time system, 
with fixed stops or stations and is not likely to see wide 
application in competition with the motor car. It is more likely, 
if it proves energy efficient, to replace other fixed track systems. 
Within the systems giving immediate accessibility, there is no 
system in prospect whose safety and reliability is sufficiently 
proven to suggest serious competition to the highway based system.
(Launching and landing microlight aircraft in large 
numbers presents hazards of serious proportions, even if the 
basic system were safer and capable of carrying people in the 
comfort and privacy that the car has. They also present more 
noise and visual intrusion problems than any ground system. 
Airships have some potential for large loads having fixed 
destinations, but cannot provide low accessibility times; they 
could only function at very low traffic density because of 
their lack of positive steerage and height control.)
Whilst it is possible to consider such systems as viable 
alternatives in the long term, we are already many years into the 
research of powered flight, and still as many years away from Le 
Corbusier's dream city where everyone has his personal flying 
machine.
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1*2.3 Alternative Power Sources and Fuels.
There remain the proposals for different propulsion 
systems; these seem the more likely developments to succeed.
Waters (Reference 1.3) gives a schematic diagram of energy origins, 
the fuels they will produce for transport needs, and the type of 
engines required to exploit these sources (Figure 1.3). To this 
figure should be added another route - from nuclear or other source 
electricity can be generated, and then hydrogen produced for use in a 
heat engine. Alternative power supply systems for road vehicles, 
or combinations of power supplies to produce a more energy efficient 
overall system, are possible and are being developed, but progress 
is slow. Gas turbines, even for cars, are feasible now and have a 
higher potential power output for a given Energy Density, though 
they are still more expensive to produce. The Energy Density (or 
Specific Energy as it is often called in the U S A , -  the power 
output per unit mass of power source) has been the fundamental 
problem for battery powered vehicles, except for low speed 
stop-start journeys such as door to door (and door-by-door) 
deliveries.
There have been and will be developments in battery 
design, but unless the alternatives to lead/acid cells can be 
produced more cheaply and in great numbers, they will still not 
break into the transport market in any large extent.
The problem is shown clearly by plotting specific energy 
(energy density) versus power obtained. Figure (1.4) taken from 
Reference (1.4) shows the position in 1967, and while there are 
encouraging developments in some areas, it can be seen that the only 
sytems of batteries likely to be useable are lithium/chlorine and 
sodium/sulphur, since only these provide enough power and range to 
give reasonable intervals between stops.
Overall efficiency (from prime source to use ) is a 
further problem, since this overall energy efficiency rather than 
the efficiency on the vehicle is the real economic assessment to be 
made. R.C.Hutcheson (1.5) describes the present position on fuels
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for road transport, and analyses the oil production and demand that 
can be anticipated. He also discusses alcohol as a fuel and points 
out that its energy cost in production is almost as high as its 
available energy in use; it is however a possible fuel for the 
future particularly if, as seems entirely possible, further 
development can reduce the energy input into crop production . It 
is not technically possible to replace petroleum completely with 
"current account" alcohol, since if the present entire world crop of 
maize, sugar, cassava and sorghum were to be converted to alcohol 
production, it would provide about 6 or 7 percent of the total world 
energy demand.
Some work has been carried out on the possible use of coal 
as a fuel for road transport (1.6). Producing a synthetic liquid 
fuel for U K road transport will require about 90 million tons of 
coal per annum .
Hydrogen-fuelled, rather than petroleum-fuelled, 
combustion engines seem a likely development; there are still 
problems of storage and use, but these look to be possible of 
solution, at least for commercial vehicles (1.7). The overall 
safety level for hydrogen propulsion could be made acceptable: 
indeed if the present measures used to control petroleum fuel are 
taken as the benchmark it will not be difficult to do so. Waters
(1.3) also describes the likely fuel sources which will be available 
in the next forty years, and shows that on present evidence, and 
with optimistic expectations of off-shore oil supplies, the U K will 
become a net energy importer within this period.
1.2.4 Fuel Efficiency of Transport systems.
From the above it can be concluded that the study of 
highways and of vehicles driven by internal combustion engines over 
highways is of considerable importance for the next few decades; 
how far into the future the car will continue depends on whether its 
comparative inefficiency in energy usage per seat-mile or per 
ton-mile is such that people will forgo its manifold advantages for
PAGE 10
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the possible energy savings.
Comparisons of efficiency of cars and other means of 
transport have been carried out and Fels (1.8) has reported in 
detail on four urban systems. Car, bus, rail and personal rapid 
transit were considered, and estimates made of the efficiency of 
motorcycles and of dial-a-ride systems. The results were compared 
with walking and cycling. The paper referenced examines capital 
energy costs, and gives values for vehicle and track manufacture.
The operation of the system over a reasonable working life is 
accounted so that the amortisation of the energy cost of the whole 
system can be considered. Assumed occupancy rates are then included 
to bring the figures to an energy cost per passenger mile. The 
work is very detailed and produces a final energy cost table (Table 
1.1). This indicates that city bus systems are more than twice as 
efficient per seat km in energy use as the 2 tonne private car, and 
about 50 percent better per passenger km at average occupancy. This 
comparison is on as near a like-for-like basis as is possible from 
generalised data, and can be compared with the equally thorough 
study made of inter-urban trips by Fels (1.9) in 1976.
These comparisons show that the energy costs of the car 
are considerably higher than those of bus ( and to rail plus car and 
bus plus car trips for longer journeys) but the use of vehicles is 
not dictated solely by their energy consumption; time and money are 
more basic factors, and the relative costs of energy will have to 
rise considerably before they have a major impact on choice of mode.
The implications of the obvious.conclusion - that use of 
alternative modes will save fuel - are that people should be 
encouraged to use other modes, and that financial incentives might 
be worthwhile if the cost of the resultant saving in energy is 
greater than the cost of subsidy. The rate of change of mode, even 
with a forceful transport planning policy, will be slow. If there 
is to be a move from the car in the very long term, then the 
planning of the city and its transport will need a major effort,with 
the reconstruction and reorganisation of the whole urban fabric.
The city structure itself has to be considered as one of the 
variables.
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Introduction
This very long term problem is no less important for being 
such; but for the forseeable future the car-road system will be a 
basic part of our transport system, and it is with this topic that 
the rest of the thesis is concerned.
1.2.5 The road vehicle system.
Before any fuel is put into a motor car, about ten percent 
of the total energy that will be used in its operation has already 
been expended during the construction of the vehicle and the track 
on which it will run. (Fels, Reference 1.8 and 1.9)
Most of the energy from petrol used thereafter in motor 
vehicles is inevitably lost or wasted: that is to say that it is
not used to propel the vehicle in a useful direction.
A very small amount of fuel is emitted unchanged, and some 
is incompletely burned, leaving as CO or other hydrocarbons; this 
is lost as far as useful work is concerned. Much of the heat from 
combustion is necessarily either radiated out of the engine, or 
conducted out of the engine - either in the coolant used to keep the 
operating temperature stable or in the exhaust gases. This is not 
to say that other engine types are not inefficient; electric 
vehicles are just as inefficient, though most of the losses occur at 
the power station or when charging the batteries. The point made 
here is that much more energy is dissipated than is measured in 
changes in vehicle motion.
Before the engine can do any useful work, it has to 
overcome the internal friction and pumping losses or it will not run 
at all. Of the work done by the engine, essential auxiliary 
equipment and transmission losses account for more of the fuel 
energy content; by the time the power is transmitted to the wheels, 
around eighty percent of the initial energy available in the fuel 
has been dissipated.
What remains is used to overcome the resistance to motion.
PAGE 13
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This is in part resistance in the vehicle itself - rolling 
resistance and aerodynamic drag. Some is used to accelerate the 
vehicle, and some of this is wasted during subsequent braking, 
particularly when the vehicle is driven in traffic. Energy is 
required to drive the vehicle up gradients and around bends, and 
whilst the former may, in part, be regained, the latter is a further 
loss. As the vehicle cannot be driven in a direct line from origin 
to destination, there is a further inefficiency of use in 
negotiating the network. Finally, even if the vehicle were to be 
perfect and were to be driven in its desired direction on a 
straight, horizontal track in a vacuum, there would still be human 
inefficiencies, since the driver causes unnecessary fluctuations in 
speed, has positive reaction times, and brings all his human foibles 
and frailties to the driving task.
At first it might appear that, as the majority of 
avoidable losses are associated with the vehicle, consideration of 
the vehicle and designing an improved vehicle should have a high 
priority: and so it should. But, however efficient the engine and
smooth the vehicle outline, vehicles are driven by real people over 
real roads. The direct consequences (even for the amortisation of 
the capital energy costs) of the system over which the vehicle is 
driven and the operating conditions in which it is driven are very 
considerable. For example, the length of time that the engine is 
running and the efficiency of combustion are controlled by the 
vehicle’s environment, and thus the inherent thermal losses are 
affected by the road network, its junctions and gradients. These 
factors, along with the roughness of the road, will affect the wear 
and tear of the vehicle, and this will affect the total mileage that 
the vehicle will complete in its lifetime and the costs of replacing 
it with another vehicle made from yet more metals and plastics with 
their high capital energy costs.
Discovering where and how fuel is used on a road network 
is therefore an important step in the process of improving transport 
efficiency.
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1.2.6 Minimising fuel consumption.
In considering the area of study for this thesis, a number 
of possible areas of work were defined. The decision was made to 
look at fuel principally from the Traffic Management point of view. 
This is not to say that this is the most important area where 
savings in fuel can be made, but it is an important one. It must be 
recognised that any "optimal" solutions are really only partial 
optimisation of one part of the total. For example, consider the 
vehicle and the driver. Looking only at this area, a solution which 
minimises fuel consumption might consider:
i) elimination of speed fluctuation;
ii) operation at the optimum condition of engine and road speed to 
minimise fuel consumption;
iii) reduction or elimination of consumption during idling;
iv) reduction of resistances to motion - drag, rolling resistance, 
pumping losses, inertia losses, transmission losses.
v) improvements in fuel burning and reduction in waste heat;
vi) accurate forecasting by the driver of all required manoeuvres;
vii) operation of the controls to work the engine at the highest
practicable efficiency for as much of the journey as possible;
and so on.
To optimise these is a laudable objective, but these 
elements ignore the real physical world in which the driver 
operates. For example:
a) changing the time of start of a trip to an earlier or
later part of the day might have a greater effect than any type of
modification to the engine. (1.10)
b) changing the control system of traffic lights will 
alter the speed fluctuations required of the driver.
c) Alternative routing of a vehicle may produce a saving 
in fuel, or a trade-off between fuel and time or fuel and cost.
PAGE 15
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d) the construction and development of the road network 
will change the overall mileage of travel, and it may be developed 
to reduce the mileage required. Alternatively, safety and geometric 
requirements may improve journey speeds but lead to no reduction in 
fuel .
e) a land use development strategy may be used to minimise 
travel requirements by optimising the topological positions of 
origins and destinations of trips.
The complexity of urban travel makes examination of just 
some of these variables a major task; no attempt has been made here 
to examine vehicles and vehicle design; and only a limited 
reference has been made to the important effects of different 
drivers and driving methods.
1.2.7 Urban Fuel Consumption.
Within the total field of road vehicle fuel consumption, 
it is the high density routes that demand attention, and the urban 
routes that are particularly intractable. As will be seen in the 
general literature review & Chapter 4 , the fuel costs in urban 
conditions are very much higher than the costs in rural conditions, 
and the incidence of junctions is particularly and fundamentally the 
urban fuel consumption problem.
Much of the research in urban areas that has been 
conducted to date has been directed at defining a relationship which 
will allow estimation of general fuel consumption in an urban area. 
Whilst this is important, and the author has produced a revised 
description for this general urban consumption, it is also the case 
that the individual components of causing fuel consumption need 
study. Such study is directly analagous to the analysis of vehicle 
delay that has proceeded over the last thirty or forty years.
Overall evaluation of individual improvements in junction design and 
urban network design will need a general formula which engineers can 
agree upon for describing the overall fuel consumption which occurs
PAGE 16
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on a trip. This is the equivalent of measuring average journey 
speeds. These general terms provide the measure by which a system 
may be monitored. Within this the relative consumptions of 
different types of junction need to be well understood, and the 
consumption caused by acceleration noise between junctions put into 
perpective, its causes defined, and the effects of traffic density 
and network configuration described and understood. It is in this 
way that the major improvements in understanding of delay have been 
produced and have allowed the improvements to journey time to be 
made. The same process needs to be applied to fuel consumption .
1.3 Possible Approaches to Estimating Urban Fuel Consumption.
As has been suggested above, determining urban fuel 
consumption from a wholly theoretical basis requires very detailed 
definition of many variables:
Fuel characteristics, including calorific value, temperature, age, 
density, fuel-air ratio, etc
Engine characteristics including engine displacement, piston area, 
frictional coefficients, inertia forces, parasitic torques, pumping 
losses based on operating pressures, mechanical efficiency, brake 
power, speed-power-torque relationships, etc
Vehicle characteristics such as mass, frontal area, drag coefficients, 
drivetrain efficiency, tyre pressures and cornering stiffnesses, 
inertia losses, component sizes (e.g. wheel radii) rolling 
resistance, etc.
Driver characteristics such as desired speed envelope, use of 
available engine power, reaction time and behaviour, fatigue, gear 
selection, mass, etc.
Highway characteristics including gradients, pavement roughness and 
stiffness, horizontal and vertical curvature, superelevation, road
PAGE 17
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width and lanes available, etc.
Operational characteristics such as junction control systems, traffic 
density, speed limits, stopping and parking, signal linking, etc.
Other factors such as air density and moisture content, visibility and 
daylight conditions, accident risk level, etc.
The list above is by no means exhaustive, and the analysis 
of the consumption of a vehicle in terms of all the detailed variables 
is rarely appropriate. Different requirements apply for the engine 
designer from those that apply for the town planner. For highway 
engineering Only a general representation of engine characteristics 
and vehicle dynamics is required; effort is concentrated on the 
effects of the highway on all types of vehicle.
Even if detailed physical modelling of all the various 
components were appropriate, no experimentalist has access to the fuel 
consumption of individual vehicles driven through the road system; 
study of urban fuel consumption inevitably reduces to a sampling of 
data in particular circumstances, and the necessary generalisation 
from the statistics available.
Two distinct methods of approach are appropriate for the 
study of fuel consumption in urban areas in the context of the highway 
engineer and traffic manager.
In the first, fuel consumption is attributed to various 
components of movement, and a general picture is produced by summing 
the components. For example, in this thesis the effect of road 
curvature at various speeds has been identified; the effect of all 
curvature on a route can be estimated from a knowledge of the drivers' 
desired speeds and the curvature. To this can be added the effect of 
gradient and of speed change cycles from whatever cause. By a 
summation of such effects the total fuel consumption can be 
identified. This method has considerable problems, as can be seen 
from the discussion in Chapter 2.
In the second, the effects of a number of different 
components are considered together and a generalised expression
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derived to simplify and characterise the data. Examples are the 
consumption of fuel while passing through a roundabout , or the 
estimation of fuel consumption in an area based solely on derivatives 
of journey speed.
Both methods have been used in this thesis. Wherever 
possible, practical data has been used to provide an empircial 
relationship; the form of this has been considered looking back, as 
it were, to the theoretical explanation that might be expected, and 
forward to the needs of the hoped-for user in the traffic engineering 
field.
1^3.1 Methods of analysis.
Inherent in the study of fuel consumption is the need to 
sample from a large population, and the statistical nature of the 
analysis creates its own uncertainties.
Unlike studies of delay or speed, in fuel consumption the 
driver and vehicle population at large cannot be studied, and the 
sample frame has to be restricted to instrumented vehicles. This 
introduces further bias, though when multiple drivers have been used 
in the Trasnsport and Road Research Laboratory surveys evaluated 
here, there is generally a cross section of drivers by age and sex.
Several of the conclusions developed in this work are 
based on the use of multiple regression analysis. The author would 
wish to defend this approach.
First, in this field as in many others, simpler methods 
can mislead. For example, simple correlations have been used to 
defend the attempt to reduce all fuel consumption predictions to 
dependence on journey time (see Chapter 3). The author would point 
out that the existence of correlation between two variables is not 
necessarily evidence of causation. (To extend the doggerel - ante 
hoc et post hoc, sed non propter hoc!) Thus high correlation 
between A and B may be thought significant; but suppose the
PAGE 19
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correlation between A and C is as high. Suppose that C is also 
correlated with B. It is possible that it is this latter 
relationship that may be improving the relationship between A and C. 
When the dependence on B is removed, and A per unit B is compared 
with C per unit B, the correlation A-C may vanish.
On the other hand, if a variable Z is strongly related to 
two other variables X and Y, and X and Y are also independent, then 
if a sample is taken and simple correlations measured, the 
relationship between X and Z may be entirely disguised by a large 
sample range in Y. (The apparent scatter of Z for given X is caused 
by scatter of Y for the same X term).
Nor is a high simple correlation necessarily indicative of
a good predictive variable. If the objective is to find some means 
of estimating X from given Z, Y, W, then sensitive variables are 
required. It is entirely possible for the correlation to be near
1.0 but the dependent variable may be almost independent of the
independent variable (that is, the X, Y graph would be a straight
horizontal line.) This independence may be important, but it is of 
no use for estimation and prediction if there are other forces at 
work. ‘
It is however useful to examine simple correlations, first 
because they may indicate the existence of bias in the data, and 
second because there may be unusual features worthy of further 
investigation; this has been done where appropriate.
The main argument about the use of multiple regression is 
centred on the way in which apparently strong relationships of 
little value may be derived with little criticism of their actual 
significance. Following Latsis' development of arguments put 
forward by Karl Popper (1.11) in his evaluation of the scientific 
research method, it is almost always possible to find a new model M2 
which provides a better explanation of the data than the existing 
model Ml. Put crudely, the difficulty in scientific research is to 
distinguish between explanations which are fundamental expansions of 
understanding and those which while explaining more of the 
information nevertheless constrain the potential for development.
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This premise can be applied, less distinctly, to 
engineering research. Thus in engineering research, the same 
philosophical difficulty of defining what is an advance in 
understanding applies, and it applies most clearly when statistical 
methods are used on field data. The temptation is to look upon 
multiple regression as a universal panacea. Tip into the analysis 
more variables, and more explanation will be found, almost willy 
nilly. Of course the limits of statistical validity must be 
observed, but if the F or T test result shows high probability, then 
the analysis is validated....
It is some defence of this method to say that if the 
variables being considered have a theoretical justification, then 
they can reasonably be used . This is certainly true if the 
objective is to provide a predictive relationship within carefully 
confined constraints, or to give to the engineering profession a 
tool to use to solve a particular problem. But it is not a defence 
if the resulting model or technique is flawed so that its 
application in apparently appropriate conditions would mislead, or 
would inhibit further development.
In this thesis, these overriding considerations have lead 
to the detailed examination of data and formulae suggested by others 
as well as the careful examination of expressions found by the 
author. Whenever possible, the range of variables has been extended 
so that the resulting expression can be used as widely as possible.
Where unjustified application of statistical methods have 
been identified this has been pointed out. On the other hand, 
expressions are recommended which, though they may have less 
theoretical justification, suggest themselves as useful tools in 
assessing the consumption of fuel in urban areas.
It is assumed that the reader has at least a basic 
understanding of statistics, which is all that the writer can claim. 
Chapter 5 section 5.9.3 uses equation 5.1 to give a detailed 
description of the multiple regression output produced by SPSS, and 
Section 5.10.5 outlines the Paired T-Test output. Wherever R SQUARE 
is referred to it is the unadjusted term; generally the name 
"coefficient of determination" has been used for R SQUARE in the 
text. "F" values are given for each term in important expressions.
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This avoids confusion with the simple correlation 
coefficients between variables, or the regression coefficients 
derived for independent variables. The author is very much indebted 
to Nie, Hull, Jenkins, Steinbrenner and Bent , joint authors of The 
Statistical Package for Social Sciences. The SPSS package and the 
supporting texts are commended, since though they are largely aimed 
at social scientists, the scope and detail of the work is admirably 
suited to engineering applications and the explanations of output 
well presented.(Reference 5.13)
1.3.2 Thesis Layout.
Following from the premise of paragraph 1.3, the author 
has set out to examine the elements of fuel consumption in the way 
proposed. The thesis is divided into three main sections.
SECTION 1
First a general review of previous work and background theory is 
made. An historical perpective is provided in Chapter 2. The 
various models used by more recent authors are described in Chapter 
3.
SECTION 2
The previous evaluations of overall fuel consumption in urban areas 
are discussed in Chapter 4 in more detail, and some re-analysis made 
to develop a common framework between the author's work and that of 
earlier researchers. Chapter 5 records the work carried out by the 
author on overall fuel consumption in urban areas. General formulae 
for prediciting overall consumption of a vehicle from the distance, 
journey time, number of stops and kinetic energy changes involved in 
an urban trip are derived. The lesser contribution to consumption 
caused by physical features of the route are examined. It is also 
demonstrated in Chapter 5 (by direct fuel measurements rather than 
by inference from delay) that changing an area signal control system 
can produce significant savings in fuel. Chapter 6 suggests a 
relationship for commercial vehicles similar to that derived in 
Chapter 5 to predict car urban fuel consumption. It is based on
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limited data from some recent surveys of goods vehicle consumption.
SECTION 3
The third section examines junctions and gives the various results 
that the author obtained for each. Chapter 7 describes some 
original work to assess fuel consumption in roundabouts. Chapter 8 
concentrates on some basic elements common to priority and signal 
intersections - the effect of simple curves and of part stops (speed
changes cycles). Much has already been written on full stops, and
these are not considered in detail.
From these three sections general conclusions are derived 
and some proposals for further work are outlined. These are given 
in Chapters 9 and 10 respectively.
References have been given at the end of each Chapter. A
bibliography is included; it is not intended that this should cover
the very many papers on engine development and vehicle design. It 
is concentrated on the traffic and highway aspects of fuel 
consumption, and where references are made to papers dealing with 
engines and vehicles, it is largely because these contain some 
relevant information for the approach adopted in this thesis.
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2 CHAPTER TWO. HISTORICAL PERSPECTIVE.
Summary
This chapter reviews the development of fuel consumption 
studies up to the.post-war period.It examines the work of Webb and 
Claffey in so far as they are pertinent to the urban environment. It is 
concluded that the tables produced by Claffey cannot be reinterpreted 
for U K conditions.
2.1 Introduction.
This chapter reviews the development of fuel consumption 
studies related to highway and traffic conditions. Until the nineteen 
fifties detailed consideration of the effect of particular features 
was hardly in evidence; the Mechanical engineers were making more 
efficient engines, and the Highway engineers producing roads capable 
of better speeds and capacity but, apart from the more obvious effects 
of speed and gradient, little detailed work linking the two appears to 
have been recorded.
The first efforts reported were largely aimed at the cost 
effectiveness of rural routes. Perturbations from free flow 
conditions on straight, smooth, level, grade separated highways were 
considered. This work has continued right through to today, where 
detailed formulae for the modelling of roads in the developing world 
are still being evaluated and refined, and improvements made to 
systems of highway cost benefit analysis in the developed world.
This Chapter only gives the historical development of fuel 
consumption studies related to highway design; there are other 
aspects of traffic engineering and management which affect the use to 
be made of results obtained. Examples of this are the functions 
developed to describe delay at intersections. To avoid repetition
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these topics are discussed in the appropriate chapters. No details of 
traffic engineering techniques or equipment are included in this 
chapter, nor is the author's own work outlined, except in so far as it 
is an evaluation of reported data.
2.2 An Historical Perspective.
From the earliest days of transport the costs of travel have 
been of importance to travellers but not always, it would seem, to the 
designers of vehicles. Prior to the advent of the steam engine 
overland travel costs were related directly to the speed at which the 
traveller wished to travel. At low speed a horse would walk for 
almost as much of the day as was not required for grazing. Attached 
to a loaded cart a horse would exhaust his daily food intake in a 
little over two hours; running at 15 metres per second it would have 
to be rested after about ten minutes (2.1). Cost of travel was thus 
related to the number of horses employed and the speed at which the 
traveller wished to travel - provided always that owners of horses 
could be persuaded to supply them at appropriate points along the 
route.
Early steam engines used as locomotives were also assessed 
by their fuel consumption. Cresy (2.1) writing in his Encyclopaedia 
of Civil Engineering in 1861 reported
Upon the Killingworth Railway the average of 
several years of consumption for the engines employed was
2.12 pounds (of coal) per ton mile; on the Darlington 
railway 2.16 pounds; upon the Bolton and Leigh railway 2.03 
pounds per ton mile."
Apart from differences in the engines and in the quality of 
coal used, the report also excludes any reference to the track.
However this is not surprising; given the frictional force available 
for steel tyres on steel track and given the available power, all
PAGE 27
Historical perspective
railway tracks had to have very slack gradients, the ruling gradients 
being between 1 in 90 and 1 in 120. The effect of track variations on 
fuel consumption was therefore not much apparent. This is not to say 
that the laws of physics were unheeded, but that in early transport 
systems there were other more basic variables than fuel efficiency, 
such as obtaining enough tractive effort to move the load.
2.3 Early motoring.
In the early days of motoring the cost of fuel was 
apparently of comparatively little importance; even when the motor 
car had become a commonplace in the United States the cost of fuel was 
such that little attention was paid to the development of fuel 
efficient cars per se in comparison with the attention to power 
requirements. It might be thought less true of Europe than of America 
with its large and (then) indigenous oil supply, but this is 
apparently not so.
G.M.Palmer, in discussion of L.H.Pomeroy1s paper on 
Transmission Principles (2.2) spoke, in 1933, of the importance of 
fuel consumption to commercial vehicle operators and advocated this as 
providing great incentive to the development of the infinitely 
variable ratio transmission. Fuel consumption reductions were the 
real incentive to inventors, rather "than for any petty advantage of 
easier control". Pomeroy, in reply, agreed that increase in load 
factor to improve fuel consumption was "of more importance on 
commercial vehicles than on touring cars. In the latter, smoothness 
of operation is all-important." Pomeroy also pointed out there might 
be maintenance problems with consistent high load factors on 
acceleration and rather dismissed the infinitely variable drive. As a 
realistic mechanism, it has only recently resurfaced as a fuel economy 
measure.
This apparent inattention to operating costs continued even 
after the fuel problems of the second world war and the exhortations 
then given to motorists to save fuel (2.3): a search through The
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Institution of Mechanical Engineers' Automobile Division Proceedings 
(1945-1955) reveals only one mention (Webb's 1952 paper on the effect 
of gradient on fuel consumption (2.4) discussed below) of highway and 
traffic conditions affecting fuel consumption. Indeed, there is some 
evidence that, except during the wartime shortages, the effect of fuel 
economy on the motorists' costs was not properly considered by 
designers.
Sir Harry Ricardo, in the fourth edition of his book , 
current till 1950(2.5) says:-
"until recently development has been confined to..... .refinements,
elimination of noise, and general smoothness of operation.......In too
many cases fuel efficiency appears to have been forgotten entirely in 
the search for silence in the better class of cars, and low cost of 
production in the cheaper varieties".
This is a little unfair as Sir Harry and others had made 
some considerable advances, the result of which was an overall 
improvement in fuel consumption (2.5).
Apart from detailed examination of specific fuel consumption 
for engines and engine efficiency by engine designers, the only 
generally available figures related fuel consumption to engine size, 
with very little regard for the terrain over which the vehicle was to 
be driven. Low traffic volumes, and the comparative uniformity of 
roads in southern Britain, allowed Ricardo to quote for two litre 
engines the following overall consumption figures:-
30 mph 38 mpg
40 mph 32 mpg
50 mph 30 mpg
Equivalent generalised data on three litre engines showed them to be
about ten percent less efficient at 30 mph.
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Such sweepng statements would not be acceptable now, when larger 
engines in the same body can sometimes give better fuel economy, but 
in a prophetic sentence Ricardo concludes:-
.... "The inexorable laws of economy insist that attention 
be concentrated on... the amount of work an engine will do on a given 
quantity of fuel".
In the United States, work had already begun. Agg(2.6) 
reported in 1923 on some 1919 fuel consumption studies on three 
vehicles, giving charts of fuel consumption profiles and speed 
profiles over a particular road profile. The Buick vehicle used by 
Agg is shown below. (Plate 2.1).
Plate 2 1 V e h ic le  used by Agg for his w o rk  on fue l
consum ption and speed in  1919 (A G G . Ket‘2.6)
The form of output adopted by Agg is the same as that used 
by the Urban Networks Division of the Transport and Road Research
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Laboratory (TRRL) for detailed review of fuel consumption (see 
Chapter(5)). Beaky, (2.7) as reported by Tyler (2.8), measured fuel 
consumption of three cars and seven commercial vehicles .
Interestingly Beaky used as the basis for his gradient assessment the 
horizontal equivalent distance per unit rise. Having found that for 
cars one foot of rise was equivalent to between 2.28 feet and less 
than one foot of level road, he concluded that the fuel effect was 
negligible for grades up to 6 percent. For commercial vehicles the 
equivalents were considerably larger, and generally increased with 
increase in grade. The details are not important here, but, for 
example a 20 tonne truck had an equivalence factor of 2:1 for 1 
percent grade, 8.9:1 for a 4 percent grade, and 15.2:1 for a 6 percent 
grade. He produced a relationship for each gradient relating fuel 
consumption per unit distance to gross vehicle weight of the form:
FC = a.(2.GVW)b Eq2.1
where a and b are constants and GVW is the gross vehicle weight.
2.4 Post-war to Post-motorway.
The subsequent post-war boom in motor car production and oil 
extraction hardly needs elaboration (Figure 2.1) and, with the spread 
of the petrol engined road vehicle, the competition from other forms 
of overland transport, and the ever-increasing need to view natural 
resources as an exhaustable supply, the study of vehicle operating 
costs has become more and more important. It took until the 1973 oil 
crisis began to effect Western economic development before energy 
considerations overtook Emission control and Noise control as the most 
important factor for designers (see Figure (2.2), on a scale derived 
by Richardson (2.9)). Within total energy consumption, the study of 
fuel consumption has become increasingly important as the level of 
recoverable oil reserves becomes more precise, and the effect of 
political and economic forces on the oil market become more 
pronounced.
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Figure 2.1 Growth in vehicle numbers in U K over time, 
(from Basic Road Statistics, Publ. By the British 
Road Federation, 1982)
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Relative Importance of 
Social Requirements
Aug 72 Feb 73 Mar 74 1975 1980 1985
Emissions 7 7 6 6 6? 6?
Noise 3 3 3 3 4? 4?
Energy
Resources 1 3 7 10 7? . 6?
Figure 2.2 a
Relative Importance of Selection Parameter
Passenger Gars Compared with 4-Cycle
Spark Ignition Piston Engine
Wankel •Turbine Stirling
Stratified
Charge Diesel
Flexibility - + + 0 -
Smoothness + + + ++ 0 -
Emissions 0 + ++ + +
Cost - - - ? -
--------- ---------■ Noise 0 ♦ ++ 0 -
Weight . + + 0 -
Size + . 0 - - -
Maintenance 0 + ■ + o +
-Fuel Consumption - + ++
Durability - ? + 0 +
Advantage (+) or Disadvantage (—) *Two-Shaft Regenerative 1900 F Turbine Inlet Temperature
Figure 2.2 b
Figure 2.2 Relative importance of fuel consumption
a) over time , and
b) for various alternative engine types 
(from Richardson , Reference 2.9).
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As discussed above, most published work on fuel consumption 
prior to the late nineteen fifties referred to vehicle design, and 
particularly engine design. Apart from Klein and Head (2.10) and Webb
(2.4), the author has not located any studies relating fuel 
consumption to highway and traffic conditions in the nineteen forties 
and early fifties, though Armand and Garin (2.11) as reported by 
Gilmour (2.12) produced a graphical and numerical method of estimating 
the time taken and fuel used by railway trains over particular routes. 
Klein and Head, as reported by Matson, Smith and Hurd (2.13), 
evaluated surface type, alignment and traffic conditions, and produced 
a series of speed versus fuel consumption graphs.
There are only a limited number of European studies, 
reviewed by Doyen (2.14) who produced a useful table (reproduced as 
Table 2.1). This is comparable with Webb's rising gradient data,
Table 2.1
Laden Trucks
Private Cars
(European) 5-ton load 10-ton load
(petrol) (diesel)
Index of consumption on flat 100 100 100
On gradient of 2 per cent 115 140 160
On gradient of 4 per cent 135 200 240
On gradient of 6 per cent 165 280 540
On gradient of 8 per cent 200 400 550
described in more detail below. Doyen's figures do not take into 
account the saving in fuel from.vehicles running down gradients, 
whereas the others do: the results do indicate the general order of
increase of fuel.
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2.4.1 Webb
Webb (2.4) is worth recording in some detail partly as an 
original piece of work, and partly because of the discussion his 
paper evoked. He made a detailed study of the effect of gradient on 
fuel consumption using a "ten horsepower" saloon as the experimental 
vehicle. Webb calculated the fuel consumption needed to drive the 
vehicle over a large range of gradients either at "the highest speed 
giving good fuel economy" or at the maximum possible speed.
He obtained plots of power output versus engine speed for the test 
vehicle, (for use on up grades, level grades and slight down grades 
where the engine was still driving the wheels - Zone 1 on Figure 
(2.3a).
■P, MAXIMUM POSITIVE
ZONE I
P, POSITIVE.
■P, NEGATIVE 'P. ZERO
ZONE J
•P, MAXIMUM NEGATIVE 
(NO CRAKES)
W  MAXIMUM NEGATIVE 
(BRAKES MAXIMUM)
Figure 2.3a
He found power requirements for the engine when "coasting " ( to be 
used on down grades where the vehicle is propelled by the force of 
gravity, but the engine is not used as a brake - Zone 2 on Figure 
2.3a).
By driving the engine with another prime mover, Webb found the power 
required to drive the engine when on overrun (with the engine driven 
by the road wheels, as on steeper gradients - Zone 3 on Figure 
2.3a).
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Fuel consumption rates for various throttle openings at 
various engine speeds were obtained experimentally and related to 
tractive effort. The actual tractive effort required was found from 
estimates of rolling resistance, air resistance, transmission loss, 
gradient resistance and, for appropriate down gradients, braking 
resistance. Webb quotes Pomeroy’s estimate (2.15) of rolling 
resistance for small cars:
/ 245 V3'7 \
Rr =  ^ po-64^ "396p2'08/ Eq.2.2
where
Rr =roiling resistance in lb
W =vehicle weight in tons
V =vehicle speed in mph \
p =tyre pressure in lb per sq in.
For the vehicle Webb used the weight was 25761b. The formula used 
is an experimental result, but is of the form that theory would 
suggest. Air resistance, Ra, was calculated from the relationship:
Ra = 0.0017AV2 Eq.2.3
where, Cn fLt ent
Webb allowed a transmission efficiency, E, of 95 percent in fourth
gear, and of 92 percent in lower gears , applicable whichever way 
the power was being transmitted. Gradient resistance, Rg, on a 
gradient of angle y to the horizontal was taken as Mg.sin (y). The 
braking resistance, Rb, was assumed to be 400 lb for all speeds.
Once these values had been established, the tractive
effort, Re, required for steady speed could be determined. From
this the fuel consumption can be derived.
For Zone 1:
Re = (Ra + Rr + Rg)/E Eq.2.4
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For Zone 2:
Re = E(Ra +  Rr + Rg) Eq.2.5
and for Zone 3:
Re = E(Ra + Rg + Rb) Eq.2.6
An example from Webb's paper (Figure 2.3b) allows the fuel
consumption for any gradient and for any speed to be read directly -
in this case when the vehicle is in top gear. Webb points out the 
limited range over which good fuel economy is available at any 
particular gradient. It should also be noted that this reduces 
markedly with increasing gradient. Webb reduced the graphs he 
produced to tables (reproduced as Tables 2.2 and 2.3) and to a 
generalised figure (Figure 2.4). Webb found that slight gradients 
could give better fuel economy than flat sections, with no "undue" 
increase in consumption up to five percent.
Discussion of Webb's paper included details of the use of 
free-wheel mechanisms, which do not concern us here; but Crum is 
perhaps the first to comment that optimal fuel consumption could be 
obtained by varying separately the length and grade of uphill and 
downhill sections; thus improving the efficiency of the engine when 
ascending, and allowing free-wheeling down. (The importance of free 
wheeling down hill was perhaps exaggerated, since White et al (2.16) 
demonstrated that as no fuel was required to turn the crankshaft 
when coasting down hill, the fuel economy when coasting was actually 
better than when the engine was idling. In any case, free wheeling 
has probably ceased to be an important consideration, both because 
it is not a safe practice, and because of the increased load it 
applies to the brakes.) Crum's observation, only applies over a 
limited range of gradient: he does not however attempt to quantify
this, perhaps because separate grades for each carriageway on a dual 
carriageway road were almost unknown then. They are still a 
comparative rarity in the UK even now, used only when topographical 
or geological conditions demand.
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Figure 2.3 b (above) Effort vs Speed vs Gradient vs 
Fuel consumption.
From Webb (Reference 2.4)
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T a b le  2 .2G o o d  E c o n o m y
Gradient, 
per cent
Fuel
up,
m.p.g.
Fuel
down,
m.p.g.
Fuel
average,
m.p.g.
Fuel 
average, 
lb. per 
mile
Speed
up,
m.p.h.
Speed
down,
m.p.h.
Speed
average,
m.p.h.
0 42-2 42-2 42-2 0*174 36*5 36*5 3 6*5
1 37-5 47-0 41-8 0*175 35*0 38*0 36*4
2 33-5 50-5 40-4 0*182 33*5 40*5 36*6
3 30-0 53-5 38-5 0*191 31*9 43*0 36*6
4 ' 27-5 57 37-1 0*197 30*5 46*0 36*7
5 24*5 60 34-8 0*211 29*0 50*0 36*7
6 21-5 64 32-8 0*224 28*0 54*5 37*5
7 20-0 70 31-2 0*235 26*4 58*0 36*3
8 18-2 88 30*1 0*244 25*0 60*7 35*4
10 14-9 300 28-4 0*258 23*0 60*7 33*3
12 12-5 300 24-0 0*306 20*0 60*7 30*1
15 11-0 300 21-2 0*346 17*0 60*7 26*5
20 7-8 150 14-8 0*496 13*0 34*0 18*7
25 6-7 135 12-7 0*578 12*0 25*0 15*0
T a b l e  2 .3 M a x im u m  S p e e d
Gradient, 
per cent
Fuel
up,
m.p.g.
Fuel
down,
m.p.g.
Fuel
average,
m.p.g.
Fuel 
average, 
lb. per 
mile
Speed
up,
m.p.h.
Speed
down,
m.p.h.
Speed
average.
m.p.h.
0 26*5 26*5 26*5 0*277 60*7 60*7 60*7
1 25*0 30*0 27*3 0*269 56*8 *60*7 58*7
2 23*0 32*5 26*9 0*273 53*3 60*7 56*7
3 21*0 36*5 26*6 0*276 49*8 60*7 54*7
4 19*5 40*0 26*2 0*280 46*3 60*7 52*5
5 18*0 45*0 25*7 0*286 43*2 70*7 50 *5
6 17*0 50*0 25*3 0*290 40*2 60*7 4S-3
7 160 60*8 25*3 0*290 37*5 60*7 46*3
8 15*0 88 25*5 0*288 330 60*7 44*3
10 13*0 300 23*2 0*316 30*0 60*7 40*2
12 11*6 300 22*3 0*329 25*8 60*7 . 36-1
15 10*3 300 19*9 0*368 21*0 60*7 k 31*2
20 7*6 150 14*5 0*506 16*0 34*0 21*8
25 6*5 135 12*4 0*591 15-C 25*0 18*7
Tables 2.2 and 2.3. Gradient vs fuel consumption for two 
driving conditions (1952 data from Webb, Reference 2.4)
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Figure 2.4 Effect of gradient on fuel consumption Webb’s 1952 data
From Webb ( Reference 2.4)
Thomas drew the opposite conclusion - that level roads 
were best. His conclusion was supported by a practical evaluation 
of Webb's paper by Appleby, who drove his own car over two 
contrasting routes and obtained a 50 percent reduction in fuel 
consumption on the less hilly one. The implications of Crum’s 
remark were thus never evaluated; though the restrictions on 
maximum motorway gradients in UK owe much to similar work done by 
the Road Research Laboratory. Lister from the RRL reported at the 
same meeting that their findings indicated a higher fuel consumption
on a four percent grade than Webb suggested, for a small and a
medium car and for a commercial vehicle. (Webb’s figures, Table 2.2 
suggest a 12 percent increase on a four percent grade, whereas the 
RRL figures suggested 70 percent, 30 percent, and 50 percent
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increases. This is however for uphill only and Webb’s figures for 
this are 35 percent and 26 percent for economy and maximum speed. 
(Lister and Kemp reported their work more fully in Road Abstracts 
(2.17)). Walsh commented that improving gradients to reduce fuel 
consumption might be counterproductive if the decrease in tax 
revenue meant a cutback on other major fuel-economy problems such as 
"bends, hump-back bridges and other hazards" (to which the author 
would add junctions.)
This paper was the forerunner for much of the study of 
economic assessment of highways.
Roth (2.18) took over from Lister and Kemp at the RRL and 
produced a number of detailed studies. His work is reviewed more 
fully in the Chapter 4. Roth used two cars and three lorries to 
examine fuel consumption in London and on the A5 London to 
Birmingham Trunk Road to provide data for evaluation of road 
improvement schemes. The results showed that for London an inverse 
journey speed relationship would describe the data :
FC = a + B/V Eq.2.7
This result is often quoted, but it was only found to 
apply for urban conditions and the equation derived by Roth is 
considered by the author to hold good only to about 50 kph. This is 
considered in much more detail in Chapter 4 with details of 
Everall’s study (2.22) which was also conducted at the TRRL.
2.4.2 Urban studies during the 1960’s..
During the nineteen fifties and early sixties, 
traffic-related results appeared. Lister and Kemp (2.17) classify 
traffic merely into zero, light and heavy, without specifying what 
this means; it would certainly not mean the same in the UK and the 
USA. In other early work relating fuel consumption to road 
conditions little account was taken of traffic (see for instance 
Saal (2.19)) which rather invalidated the results. Saal derived
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fuel consumption equations separately for different grades and 
speeds in the same form as Beaky:
FC =a.(GVW)b Eq.2.8
where FC = fuel consumption per unit distance and 
GVW = the gross vehicle weight 
and a and b are constants.
Saal did not include traffic factors in his analysis; most later 
researchers have taken this into account.
The best known studies during the 1960's are Claffey 
(2.20), Winfrey (2.21) and Everall (2.22), who related consumption 
to both highway and traffic conditions. Everall is considered in 
more detail in Chapter 4, but his principal conclusion supported 
Roth for urban areas - that there was an inverse relationship 
between fuel consumption and journey speed - and Everall also 
produced for the " average "vehicle in UK the equation
FC = 6.11 + 209/V +0.00040 V2 Eq.2.9
this assumes a particular general distribution of traffic which 
Everall worked out for 1966, and which limits the applicability of 
the result. The inverse journey speed is shown in Chapter 4 to be 
no better a prediction of urban consumption for cars than an 
equation for all speeds in urban and rural conditions derived from 
all Everall's data. This is considered in much more detail in 
chapter 4 and the commercial vehicle data is considered in chapter 
6 .
The approach adopted by Winfrey and Claffey was to provide 
graphs and look-up tables, while Everall attempted to generalise his 
results to produce an overall equation for fuel consumption along 
various routes.
Winfrey does not include much original work. He does 
however provide a fairly detailed list of running costs, largely 
from Claffey and Sawhill (2.23) and information painstakingly 
gathered from other sources.
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2.4.3 Claffey.
Claffey (2.20), funded by AASHO and the Federal Highway 
Administration, set out to provide a very detailed and comprehensive 
data base for vehicle operating costs, and while the work falls into 
this period, the final report did not appear ftill 1971.
Claffey's work is often referred to and sometimes 
criticised; in the author's opinion it is not surprising that 
Claffey's results saw little application. Tillotson and Lewis 
(2.24) suggest that this may be because the data is unreliable, in 
that there are discontinuities in the data, revealed by examination 
of difference tables. It is also true to say that the results are 
now rather dated because of the vehicles used. The form of 
presentation ( not in formulae but in many detailed graphs and 
tables which perhaps were appropriate when computers were not widely 
available ) does not lend itself to easy use today.
Further, the data is not, and was not, appropriate for 
European conditions, especially as the composite car used by Claffey 
was much larger than the present European design, and. worked at 
lower engine revolutions and probably much lower load factors than 
modern vehicles.
Even if the vehicles had been appropriate, the style of 
investigation suited American rather than European conditions. This 
statement can be justified by looking at the treatment of urban 
traffic. Claffey produces tables (two are reproduced as Tables 2.4 
and 2.5) for urban correction factors for his basic tables. The 
correction factors give the changes in consumption from Freeway 
conditions to^  Six-lane Major Street Urban Arterials, and for Central 
Business District (CBD) Six-lane streets with parking.
First, no correction factor is required for low volumes 
(O-lOOOvph one way) between the Arterial (with no parking and no 
stops per mile and an attempted speed of 30 mph) and a Freeway at 30 
mph. This is not the result reported by Coburn, Beesley and 
Reynolds (2.25) and subsequently by Everall (2.22) where freeway
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2,4 CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 6 FOR TRAFFIC 
VOLUME— SIX-LANE MAJOR STREET URBAN ARTERIAL WITH NO PARKING'
CORRECTION FACTORS BY ATTEMPTED SPEED OF AUTOMOBILES (M P J l)  :
3 0 s 40*
o n e -w a y
TRAFFIC VOLUM E  
(V I’ l l )
n o
STOPS
1 s t o p /
M IL E  *
2  s t o p s /  
m i l e *
NO
STOPS
1 s t o p /
M IL E *
2 STOPS/ 
M IL E *
0-1000 1 .0 0 0 1.270 1.460 1.000 1.298 1.578
1000-1200 1 .000 1.270 1.460 1.000 1.300 1.580
1200-1400 1.005 1.275 1.460 1.010 1.305 1.580
1400-1600 1.005 1.280 1.460 1.020 1.310 1.580-
1600-1800 1.010 1.285 1.460 1.020 1.315 1.580
1800-2000 1.010 1.290 1.460 1.030 1.318 1.580
2000-2200 1.010 1.295 1.460 * 1.030 1.322 1.580
2200-2400 1.020 1.300 1.460 1.040 1.326 1.580
2400-2600 1.030 1.305 1.460 1.040 1.380 1.580
2600-2800 1.040 1.305 1.460 1.050 1.332 1.580
2800-3000 1.050 1.310 1.460 1.060 1.333 1.580
30004- (Level of service E=unstable flow)
1 Traffic volume corrections determined for standard-sizc U.S. cars (65 percent of vehicle population) repre­
sented by a Chevrolet sedan at 4,400 lb G .V .W .
3 Average stopped delay when stopped is 30 see.
» When vehicle stops arc involved, this table should not be used for grades greater than 1.5 percent. I f  
grades exceed 1.S percent, basic data on fuel consumption due to stops (Table 7 ) and traffic conditions (F jg . 
A-23) should be used to adjust the values of Table 6 for traffic volumes^
2 5 CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 6 FOR TRAFFIC 
VOLUME— SIX-LANE CBD STREETS WITH PARKING IN BOTH CURB LANES1
o n e -w a y
TRAFFIC
VOLUM E
(V P H )
c o r r e c t io n  FACTORS BY FREQUENCY OF STOPS PER M IL E ! 2- 3
0 1 2 3 4 5 6 7 8 9 10
0—40 1.00 1.18 1.37 JL 55 1.73 1.91 2.12 2.30 2.40 2.65 2.80
40-80 1.00 1.18 1.37 1.55 1.73 1.91 2.12 2.30 2.40 2.65 2.80
80-120 1.00 1.21 1.39 1.58 1.76 1.95 2.14 2.33 2.50 2.70 2.89
120-160 1.00 1.22 1.41 1.60 1.78 1.97 2.20 2.37 2.56 2.75 2.94
160-200 , 1.01 1.23 1.42 1.64 1.85 2.04 2.24 2.42 2.61 2.81 3.00
200-240 1.02 1.24 1.43 1.69 1.89 2.0S 2.31 2.49 2.6Si 2.86 3.06
240-2S0 — 1.26 1.47 1.74 1.95 2.16 2.39 2.55 2.70 2.91 3.17
280-320 — — 1.49 1.80 2.02 2.23 2.45 2.64 2.80 3.00 3.26
320-360 — — . —  ■ 1.84 2.11 2.33 2.52 2.73 2.93 3.10 3.28
360-400 — . '— ' — — 2.21 2.44 2.68 2.85 2.98 3.18 3.39
4004- (Level of service E = :unstable flow)
1 Automobiles arc assumed to attempt to travel at 25 mph with traffic signals set approximately 500 ft apart. 
Average stopped delay when stopped is 30 sec.
sTrafiic volume corrections determined for the standard-sizc U .S. car (65 percent of vehicle population) rep­
resented by a Chevrolet sedan at 4,400 lb G .V .W .
3 When vehicle stops arc involved, this table should not be used for grades greater than 1.5 percent. I f  grades 
exceed 1.5 percent, basic data on fuel consumption due to stops (Table 7) and traffic conditions (F ig . A -24) 
should be used to adjust the values of Table 6 for traffic volumes.
Tables 2.4 and 2.5 Correction factors given by Claffey 
for adjusting consumption on "High type pavements and 
free-flowing traffic "to urban arterial and CBD streets. 
From Claffey (Reference 2.20).
(modifying his Table 6) PAGE
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operation is found to be different presumably because of the removal 
of lateral and median "friction " from frontage land use and 
opposing traffic. (See Figure (2.5) From Everall. The speed axis 
is average journey speed over each section.) Saal (2.19) found that 
drivers on motorways spent less time braking than drivers on 
parallel ordinary routes to the extent of between one fortieth and 
one seventieth as often. It would seem unlikely that the fuel 
consumptions would be the same in these two cases.
Second, the user is then asked to decide which of two 
speeds arterial road drivers are attempting, and is offered only one 
desire speed (25 mph) for CBD streets (Table 2.5). (It is clear trc 
anyone designing traffic systems in UK or for that matter France, 
Italy or elsewhere in Europe that such low desire speeds are 
inappropriate. Where signal progression speeds have been kept this 
low, the effect is always that drivers drive between signals at a 
higher speed, and stop at the next signal.)
The tables then provide for a number of stops per mile to 
be identified, and a correction factor is supplied. The footnote 
gives these stops as 30 seconds stopped delay per stop. The table 
for CBD streets extends to a maximum of 400 vph in one direction and 
a maximum of 10 stops per mile. These are very low maximum values. 
The footnotes suggest that the table is to represent a signal system 
with signals 500 ft apart.
Even given the already widening constraints the tables 
presented do not allow a general use; the maximum gradient over 
which the corrections can be applied is one and a half percent. For 
greater gradients, the reader is referred back to more basic 
tabulations for gradient and traffic flow which themselves provide 
incompatible measures which cannot be combined. This is because the 
grade variable fuel is for steady speed, and the traffic volume 
(that is, number of stops) variable fuel consumption is for a level 
road.
It is therefore difficult to see how to apply the results 
to anything other than Mid-Western American gridiron layout cities 
constructed on flat terrain, and with regular, signal controlled 
intersections carrying light traffic loads, and with American
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driving styles. No doubt that with today's computing facilities, 
Claffey might have attempted a multiple regression analysis of some 
sort, to allow combinations of variables other than those tabulated 
to be included. The tables can certainly be used for rural 
conditions, and for the type of economic calculation Claffey uses as 
his examples, but there are few applications for urban conditions.
Claffey himself recognised the shortcomings of his data; 
he states at the end of his Appendix A that at Level of Service E 
unstable flow and F forced flow (using the Highway Capacity Manual 
(Reference 2.33) definitions) factors not identified in his figures 
substantially affect his results. Levels of Service E and F prevail 
over much of the major road system of urban Britain. Whilst Claffey 
provides a detailed and annotated bibliography, he does not report 
Webb's results, which is surprising, as Webb deals more 
fundamentally than Claffey with the consumption due to gradient 
changes.
2 .4.4 Later developments.
From Claffey's work onwards many attempts have been made 
to provide simplified representations of the relationships between 
highway and traffic parameters and fuel consumption by means of 
models. The use of these models will be considered in the next
chapter, before detailed work by various authors using various
models are examined. Much work has been done to relate fuel 
consumption to general highway and traffic conditions, though little 
of this has had the specific objective of providing data to modify 
existing highway designs; the objective has, as it were, been 
analytical rather than,design-oriented work. There are major 
exceptions.
In the first of these, operating costs including fuel
consumption have been considered against highway parameters.
Empirical equations have been derived which can be used to estimate 
fuel consumption for different average terrain conditions. This is
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the basis of much of the current work by Hide et al (2.26) at TRRL 
and the many others working on road investment models for the 
developing world, particularly Morosuik (2.27), but also for 
economic analysis in the developed world (see for instance Dawson 
(2.28).)
This work started with Gabriel Roth at the then Road 
Research Laboratory (RRL) (2.18) prior to the building of the first 
motorways in Britain. Coburn, Beesley and Reynolds (2.25) used 
Roth's results and Reynold's work (2.29) in their economic and 
technical assessment of the Ml motorway, built during the time that 
they were researching.
By 1960 the effects on fuel consumption of gradient, 
curvature, and traffic conditions had been recognised and some 
attempts were being made to incorporate this into highway design 
procedures. 1959 saw the publication of Charlesworth and Paisley's 
Institution of Civil Engineers' paper (2.30) on the economic 
assessment of road improvements, and Reynolds paper in the Journal 
of the Institution of Municipal Engineers (2.31). The Ministry of 
Transport acknowledged the work of Webb and those at the RRL in June 
1961 by changing to four percent the maximum recommended gradient in 
its longstanding Memorandum 780 (2.32). This was the highway 
designers' Bible in the 1960s, before computer modelling overtook 
economic assessment and design.
Models of various types - transportation studies, economic 
assessment, traffic signal linking, driver behaviour and many others 
- were an important prerequisite for the widespread and detailed use 
of computers in the transport field. Before considering the results 
obtained by various workers in Chapter 4, it is necessary to examine 
the types of model available, and to assess why, where and how they 
may be used.
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3 CHAPTER THREE. FUEL CONSUMPTION MODELLING.
Summary
This chapter reviews the various types of fuel consumption 
models that have been developed, and classifies them into broad 
groups.Each type is described and some applications are discussed.
3.1 The Theoretical Basis of Fuel Consumption Models.
3.1.1 Tactical or Strategic modelling.
Starting from basic physics, the total work done on a 
vehicle can be defined from the forces to be overcome, and the 
distance moved during their application. The energy to overcome 
these forces is derived from the fuel. Thus the fuel consumption 
per unit distance can be expected to relate directly to the total 
force applied, and the mean fuel Consumption per unit distance will 
be expressed by these forces and the relative proportions of the 
total journey over which they act.
There are two basic ways in which modelling of the fuel 
consumption required to overcome these forces can be carried out. 
Using a military analogy, these may be regarded as "tactical" or 
"strategic" modelling. In the first type the engine, the Vehicle, 
and the forces applied to each during a particular trip (or more 
usually, a particular element of a trip or part of a trip) are 
identified and described as closely as possible. An exact 
replication of the consumption of each particular vehicle is the 
objective, and small changes in the vehicle or engine on a given 
trajectory can be identified with changes in fuel consumption.
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This first type of model has been developed to include 
modelling of the driver; but the more detailed and extensive are 
the elements of the model the less possible it becomes to produce 
assessments of complex external conditions. The effect of urban 
traffic conditions is thus very expensive to simulate, even with the 
most powerful of present-day computer systems. It requires cycling 
the model through the various routes and through the range of 
vehicles and with various driver/stop/start/acceleration/maximum 
speed controls before the general effect of traffic on an urban 
route is reproduced. There is no real limit to the scope of the 
model, but because it depends on reproduction of the minutiae of 
engine and vehicle, it can quickly become unwieldy. It is in any 
case impossible to know precisely which vehicles with which 
particular characteristics will use which particular route; 
accuracy in this first type of model can be very high when a 
particular vehicle is examined, but the accuracy is spurious 
accuracy when a stream of vehicles is being modelled.
The second, strategic, fuel consumption modelling is used 
to identify the effects that changes external to vehicles will have. 
The broad description of fuel consumption of vehicles in the mix in 
which they will use a particular facility is the goal, but often the 
model is restricted to a particular vehicle, or vehicle type.
The model avoids the detailed representation of the 
vehicle, and depends for its justification on its ability to predict 
the consumption of the vehicle fleet in the conditions being 
modelled. This type of model also has significant drawbacks, not 
the least being the need to update the model when changes in the 
vehicles being modelled occur, making the previous predictions 
invalid.
In addition the range of application of the model is 
restricted in the way that models of the first type are not. This 
can be illustrated by noting that operating conditions for vehicles 
can vary widely between urban and rural conditions.
From this it might be expected that the relationships 
modelled for an urban area would be generally different from those 
for a rural route, or for motorway conditions. The forces acting
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may be the same, but their length of application, and therefore 
their relative importance, will change.
Justifying a model by statistical analysis of data can 
therefore present problems, and only part of the problem is overcome 
by using multiple regression techniques. This will allow additive 
terms (of functions or multiples of several functions) to be 
included if their occurrence is limited to one part of the data: 
but multiple regression will not allow a change of the form of an 
expression (which may dominate the data in one situation) and 
substitution by a more appropriate variable or combination of 
variables in a different situation. One way around this problem is 
to use in the model a variable such as an inverse function which, 
provided the range of operation is limited, can be reasonably 
related to the normal function, but which will have decreasing 
effect at high values of the function.
The change in the nature of the dominant forces does not 
appear to have been wholly recognised by researchers, particularly 
in that some have characterised urban travel by operating along 
major routes, rather than following real or simulated 
origin/destination pairs (see Messinger et al., below). Following 
major routes may allow a high coefficient of determination to be 
derived from statistical analysis of a subgroup of data, but this 
will not reflect the whole picture of urban fuel consumption, and 
the model will therefore be deficient (or at least restricted in its 
application).
This thesis is concerned with modelling of the second 
kind, and it is not intended that the relationships developed should 
be useful for particular vehicles but for the analysis of highway 
and traffic parameters. Detailed modelling is included for 
completeness in the remaining sections of this chapter, but is not 
then considered further.
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3.1.2 Model components.
Given the nature of the vehicle, the route and the 
operating conditions, it is possible to identify the forces that 
will act on vehicles in particular conditions. There are therefore 
components that ought to appear in models if they are to represent 
properly the fuel used by vehicles; these are discussed next, 
before the detailed models used by various authors are outlined. 
This preliminary discussion is used in the interpretation of models 
and in the work included in Chapers 5 and 6.
(For a detailed examination of the various forces within 
vehicles and their application the reader is referred to the 
references given under Deterministic models below.)
3.1.3 Energy losses and resistance to motion.
Following Watson, Milkins and Marshall (Reference 3.1) in 
general it may be said that a vehicle is subject to "inherent " 
resistance losses, related to its mass and the speed at which that 
mass is moved.
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The torque required at the driving wheels may be 
simplified to:
Q = r[ I(dV/dt) + i.Cd.A.V2 + M.(j+kV/p+ eV2/p>]
Eq.3.1
where
Q = torque at the driving wheels 
r = wheel rolling radius
I = vehicle equivalent mass including the rotational 
equivalent mass of wheels, transmission etc,
(i.e. the mass of a particle that requires the same force to 
accelerate it as does the vehicle.)
V = instantaneous speed of the vehicle, 
t = time
Cd= drag coefficient 
A = Equivalent frontal area 
M = mass of the vehicle 
p = tyre pressure 
i,j,k and e are constants.
(see Watson Milkins and Marshall, Reference 3.1)
Assuming that the rotational inertia of any vehicle is proportional 
to the vehicle mass, the formula for resistance forces can be 
reduced to
R = aM + bMV + cV2
Eq.3.2
where a,b c are constants.
Three practical points should be made here.
First, that the vehicle frontal areas and drag 
coefficients can only be guessed at when field data are being 
examined. While for a particular production vehicle these may be 
available, the variations caused by owner modifications would alter 
the expected Outline, even if the distribution of actual vehicles of 
a particular type on one road were to be similar to that on another 
road.
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Second, for commercial vehicles of the Box type the drag 
coefficient and frontal area are the same for all loads, whereas the 
Flatbed type will vary according to the size and shape of the load. 
The "constant" c in cV2 is not therefore constant between vehicles, 
and some approximation will be needed.
In urban areas, the effect of the air resistance term will 
be of less importance because of the lower speeds involved. The 
increased effect of cornering and speed fluctuation in urban driving 
conditions (see below) suggest that one approximation for a general 
speed squared term would be to use
c ’.GVW.V2
This is not theoretically accurate; but frontal area is likely to 
increase with vehicle weight, and as vehicle weight increases, the 
effect of air resistance as compared to overcoming mass-related 
resistance tends to reduce: the picture is compounded by the fact
that longer vehicles may have a lower Cd with the same frontal area. 
Designers of commercial vehicles have recently begun to examine 
deflectors and the frontal area of their vehicles, but the size and 
weight appear related, though the author has no firm evidence to 
support this. (A survey to support this suggestion is outside the 
scope of the present work.)
Models which do not examine more than one vehicle type can 
reasonably ignore this problem of shape and drag coefficient.
Models which include different vehicles need to assess whether a
term :
c.V2
or a term 
c ’.GVW.V2
should be included.
Third, estimating across a range of vehicles becomes more 
complex the greater the range, and it is usual to subdivide vehicles 
at least into cars and light vehicles, and commercial vehicles.
This also useful as, by and large, the first group are petrol 
driven, and the second are diesel; corrections for calorific values 
and thermal efficiency of the fuel are not then necessary.
PAGE 59
Fuel consumption modelling.
If the vehicle were to run at constant speed on a straight 
and level track, the above would be the only forces to overcome.
3.1.4 Accelerations
In normal driving the vehicle has to be accelerated and 
decelerated many times, and all positive kinetic energy changes will 
require burning of fuel, as will lateral horizontal accelerations 
due to curvature. Both elements will be proportional to the product 
MV2
but the expressions are themselves complex. For example the 
additional drag due to tyre hysteresis loss and springing would 
require very detailed analysis to arrive at a formula for the fuel 
used during the apparently simple change in Kinetic energy from 
speed VI to V2 of (GVW/2).(V12 -V22).
Cornering on a level road for a two-axled vehicle requires 
definition of both the front wheel steering angle and the vehicle 
body slip angle, and these are not constant. The tyre side forces 
are also dependent on vehicle geometry, and the apparently simple 
formula:
Total drag for constant speed
= Fr + Tr +Ff Cos(x) + (Sf + Sr).Sin(y) + Sf. SinQr) + constant
Eq.3 .3
where
Fx =Tyre +bearing rolling resistance (Ff, front: Fr, rear)
Tr = Transmission loss 
x = deflection angle of front wheels
S = tyre side forces(Sf for front,Sr for rear)
y = vehicle body slip angle 
is easily described but not easily defined even for a two axle 
vehicle for a single cornering movement,and certainly not for a turn 
through a roundabout by a multi-axle vehicle.
Given this complexity,and the general objectives of 
examining overall fuel consumption,the detailed modelling of
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longitudinal accelerations can be reduced to an integral or 
summation of speed change cycles:
[ (GVW/2) . I* (VI* - V2* )]
As regards lateral accelerations, Renouf (3.13 and see 
Chapter 6) found on a test track route where there were significant 
bends, the proportion of energy used at the drive wheels of 
commercial vehicles which could be attributed to corners was 3 
percent for an empty vehicle, and 9 percent for the same vehicle 
loaded (14.1 and 32.5 tonnes respectively). The consumption in 
practice in urban areas will depend on the factors controlling the 
cornering forces and their length of application. Accepting that a 
crude model of vehicles will be necessary, the obvious external 
variables are the speed of cornering, the radius of turn and the 
angle turned through (or some other determinant of the length of 
application of the forces involved.) As vehicles will also slow 
down during cornering (for comfort of passengers, or lack of 
precision of control, or lack of power to overcome the forces then 
applied) it can be expected that a further term in
V 2 
or in
GVW.V2
will be needed if the effect of cornering is significant in urban 
travel.
In order to incorporate some representation of the length 
of application of a force as well as its magnitude, it is often 
expedient to use a substitute for energy-related terms, as these may 
more, easily be obtained. Thus when journeys in an urban area are 
considered, the losses caused by lateral accelerations may not be 
capable of direct measurement from the movements of vehicles, but 
the causes of lateral accelerations - junctions, corners, other 
vehicles - may be. Indeed the highway engineer is usually only 
concerned with the consequences of his design in terms of speed,
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safety, delay, and cost; and the substitution of cause-related 
terms such as angle turned through and radius of curvature for 
energy-related terms has much to recommend it.
3.1.5 Heights and Gradients.
Changes in elevation, a simple rise or fall in potential 
energy, will require additional work, dPE:
dPE = Mg( hl-h2)
This term can be added to an expression for fuel consumption, and is 
recognised as significant in the rural road models where longer 
distances and greater changes in height are usual. It cannot be 
ignored even when the vehicle completes a cycle and returns to its 
original height. The PE gain will occur when the engine is working 
more efficiently. Any potential energy gain may subsequently be 
used in overcoming friction in the vehicle, or dissipated in 
braking: Webb’s analysis has already been described. Models for
flat terrain will not require a PE model, and it has also been 
omitted from most general urban models. There is some limited 
justification for this, in so far as fuel consumption in stop-start 
conditions, and with many horizontal curves will be added to the 
effects given above. This justification is a poor one; urban 
traffic models need to include a representation of PE changes, 
unless the objective is only to be able to compare fuel consumption 
over the same route in a "before-and after" study.
It is also the case that the larger mass, low 
Power-to-Weight and lower speeds of commercial vehicles should mean 
that PE, or.rise and fall, should always be modelled for commercial 
vehicles. As was reported in the previous chapter, Beaky found that 
for a 6 percent grade, one unit height increase was, for the 
commercial vehicle tested, equivalent to 15.2 units horizontally.
At lower speeds and in urban areas, where fuel consumption is 
generally more than doubled, this equivalence will be reduced to say 
7 horizontal units, and less for lesser grades.
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Potential energy changes are therefore likely to affect 
the explanation of fuel consumption differently in different 
circumstances, and should be included in consumption models.
3.1.6 Consumption at varying speeds.
Starting from equations 1 and 2 and adding terms for rise
and fall and acceleration will provide a basis for models where 
generally speeds are high and speed fluctuations limited - that is, 
for conditions found on rural routes. Equations of this form are 
used in all the studies of low traffic volume rural routes in 
developing countries. In urban conditions speeds are low and 
fluctuate widely. It is therefore appropriate to consider models 
based on integrals of speeds.
Consider the fuel consumption per unit distance. Evans, 
Herman and Lam (3.2) have shown that for a trip of length T seconds 
of length D metres and with acceleration A m/sec^ the mean fuel 
consumption per unit distance can be written:
term 2 applies over the "powered" portion of the trip 
(when the engine is driving the wheels); 
term 3 applies for all positive accelerations, 
a,b,c are constants
A is the instantaneous acceleration 
v is instantaneous speed
FC = 1/D ( a.T + b.(
t erml term2
powered
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Evans et al. ignore the effect of aerodynamic resistance, and a 
fourth term should be added:P+ d. I v2.dt 
JO
By substituting
r  r  rI v.dt = I v.dt - I V.dt
Jo 0
powered total non-powered
and remembering that j v.dt ,when integrated, is D
total
and writing the result in the form
fI V.dt =D(1-NPF)
0
where NPF is the fraction of the total distance that is non-powered, 
the fuel consumption per unit distance can now be written
r A.v.dt)/D + d.( r
0 A->n J o
FC = b - b.NPF + a/V +c ( | v2.dt)/D
A > 0
Now b, which is a term independent of speed, represents the fuel 
consumed in overcoming the rolling resistance; in expressions of 
this form it could therefore be expected that the constant term and 
the coefficient ofNPFshould be equal, or approximately so.
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If T and D are very short then
*8T rST
8F/8x = b - b.NPF + a/V +c ( I A.v.dt)/Sx + d.( I v2 .dt)/8x
A>0
Multiplying by the average speed gives
f f
■'o Jq
r6T rST
8F/Se =Vb(l-NPF) + a + V*c.( I A.v.dt)/8x + V.d.( I v2.dt)/8x
Jo ___  ^0
0 A>0
As Evans points out, in the limit, as dt approaches 0, the average 
speed approaches the mean speed, so
rI A.v.< 
J n
V( j .dt)/Sx = V Z.A dt/dx = A.V.
0 A>0
and it is also true that in the limit 
>ST
v 2.dt;V.( I t)/8x = V3. dt/dx = V
0
so that in the limit.
dF/dt = (l-NPF).b.V + a + c.A.V. + d.V2
A>0
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As v tends to zero, the fuel consumption rate tends to a. 
This result suggests that constant a should be equated to the fuel 
consumption which occurs when the engine idles. This is not exactly 
the fuel consumption that will occur if the vehicle is stood with 
the gear in neutral; the constant a is the fuel that is used per 
unit time when running (and excluding that used in overcoming 
rolling resistance) and in general the measured idle rate might be 
expected to be a little higher than this.
When more than one vehicle is considered, the idle 
consumption rate will not be a single constant figure. For much of 
the reported data of road and track experiments, the only vehicle 
data which is regularly reported is the GVW and the brake power. To 
make some reasonable approximation which will allow a "specific idle 
rate" to be derived, one of these variables will be included in some 
form; fortunately, it is generally true that the higher the brake 
power, the higher the idle rate of fuel consumption. This broad 
generalisation could be taken further - the larger the vehicle the
larger the GVW and the larger the idle consumption rate.
This may be supported by considering the relationship 
between engine capacity and power available. As a gross 
simplification, the larger the engine the larger the inertia of the 
components, and the larger the pumping losses. The larger will be 
the force to be overcome when the engine is idling, and therefore 
the larger the idle fuel consumption. Thus, if a range of vehicles 
is considered, the idle rate multiplied by an engine factor such as 
brake power might be expected to be a better predictor of 
consumption than a constant idle rate term. If this is accepted, 
then a factor such as BHP/V or GVW/V could be expected to be a 
better term than 1/V if prediction is carried across a number of 
vehicles.
To summarise: there are two basic ways in which modelling
can be carried out . In the first type the engine, the vehicle, and 
the forces applied to each during a particular trip (or more 
usually, a particular element of a trip or part of a trip) are
identified and described as closely as possible. This type of model
is not usually applied to Highway and Traffic engineering problems. 
In the more general type of model, global values are found for
PAGE 66
Fuel consumption modelling.
consumption in particular circumstances, but with the restriction 
that changes in vehicles can invalidate the model. This type of 
model is more appropriate for highway and traffic studies of fuel 
consumption. For this type of model with normal running at steady 
speeds on level roads, theory would suggest that a model should 
contain terms in
Speed, speed squared, PE, and PKE plus a constant
if the modelling is for only one vehicle, and the mass is subsumed 
in the constant terms; the model could reasonably be modified to 
contain terms including inverse speed, and if so the coefficient of 
inverse speed would approximate to the idle consumption rate, 
provided the model did not also contain a simple speed term. If 
speeds are so low that aerodynamic effects are small, then the 
coefficient in speed squared might well be insignificant.
More generally, the model may include other expressions to 
represent fuel used in change of potential or kinetic energy, and, 
if a number of vehicles are considered the speed-related terms will 
be multiplied by vehicle mass. The two exceptions are the 
representation of aerodynamic drag and idle rate. The frontal area 
and drag coefficient are not directly related to load capacity, 
though some of the variation in consumption might be explained by 
terms of the form 
( GVW.V2).
A specific idle consumption rate might be approximated by a term 
such as
(BHP/V) or (GVW/V)
since BHP and GVW are the most often quoted and readily available 
vehicle descriptors. Given that the purpose of these more general 
models is to define the effect of changes in highway or traffic 
conditions and given the difficulty of recording even basic fuel 
data for the actual vehicle fleet, there is considerable merit in 
using causative expressions rather than direct energy-related terms, 
especially as this may allow the separation of highway elements that 
have similar consequences in terms of the energy used, but need 
different actions if they are to be altered. Thus for a complete 
model of vehicles in a fleet terms of the form:
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MV, MV2, M, M.RISE, M.KE,P/V,GVW/V,V2 
may be used when the model represents a number of vehicles.
The discussion of this point is carried further in chapter 6 where 
the fuel consumption of commercial vehicles is considered.
3.2 Classification of models used.
S ummary.
Many model types have been used for fuel consumption, 
ranging from very specific modelling of engine and vehicle components, 
to attempts to reduce the effect of urban driving to a single 
representative number for a particular car by assessing it on a 
driving cycle. Between these extremes the models have been broadly 
grouped by Gardiner (3.3) as follows
1) Deterministic Models
In this type of model, as for instance described by Waters (3.3), 
Watson, Milkins and Marshall (3.4) or Poynton and Dawson (3.5) the 
whole of the engine and vehicles are defined. The models frequently 
employ engine efficiency maps, and are principally used to identify 
the need for, or the effect of, design changes in the vehicle to 
improve consumption on a given theoretical velocity profile.
2) Lumped Coefficient Models.
These are derivatives of the first group. Watson (3.6) suggests 
that often sensitivity to design variables is not of major 
importance, and the instantaneous fuel consumption can be reduced to 
dependence on vehicle speed and its derivatives and multiples.
3) Driving models.
In this case the detailed engine and vehicle modelling of the group
a) is enhanced by detailed modelling of driver characteristics, so 
that realistic representations of actual driving may be reproduced. 
This type of modelling has been described by Nowottny and Hardman 
(3.7).
4) Road Network and
5) Junction Models
Here, the consumption is not related to individual vehicles, but to 
the attributes and parameters governing the design of the network or 
junction. More generalised assumptions are made about the vehicles
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and the velocity profiles. As is to be expected, in almost all 
cases the models include speed or journey time as a parameter. 
Examples are the empirical relationships for fuel consumption on 
rural roads for developing countries (3.8), general urban fuel 
consumption, or for fuel consumption at roundabouts (3.9).
6) Specific Operational Models.
These models predict the fuel consumption in traffic and in traffic 
control systems, and are principally developed to evaluate proposed 
operational changes in a system, or to estimate the change in fuel 
consumption resulting from actual changes on the road. Examples are 
the modelling of fuel during stops by Robertson, Lucas, and Baker
(3.10) (for TRANSYT 9 (3.11)) and Cohen (3.12).
"Quality” of Modelling.
There are several components of modelling fuel; usually modelling 
is done by examining the various "modes" of movement - acceleration, 
cruise at steady speed, deceleration, and idling - and transients 
between these.
Each of the above model groups may treat each "mode" differently, 
but because a particular model is less detailed, it is not 
necessarily inferior.
For example, when investigating a particular vehicle component the 
modelling of idling may require the careful definition of torque; 
required to overcome internal losses. The proportion of time the 
engine is likely to spend idling may also effect both the style of 
modelling, and the attention which is paid to the idle mode.
Models of type 1) or type 2) have been used to investigate 
fuel consumed during urban driving cycles. The objective is to 
assess idling consumption from the amount of time spent idling and 
in order to compare the driving cycles the transient from idling to 
acceleration consumption may require definition.
Models of type 3) can be used to examine the effects of different 
driving styles on the proportion of time spent idling (or 
decelerating, since consumption at the idle rate is usually assumed 
during deceleration.)
On the other hand crude models of idling will suffice if 
the objective is the comparison between systems of operation or 
types of junction, since it is often only the ratios between idling
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consumption, consumption at cruise speed and the consumption losses 
from accelerations that is of great importance. Crude models of 
idling for a composite vehicle will often suffice for type 4) and 5) 
models.
It is to be noted that no particular level of definition 
can be regarded as "better" than the others - rather that in some 
conditions more accurate modelling is more appropriate. It would be 
fallacious to imply that the same precision of measurement of fuel
was required to evaluate the road network as is required in engine
development. However it is still important to model idling
consumption, since urban traffic conditions mean that for a
significant part of the total time that the engine is running it is 
idling.
Models, Applications, and Results.
3.3 Deterministic Models for Vehicles and Engines.
3.3.1 Model Description.
Details of these models vary from user to user, but they 
will generally include modelling of the inertia force, aerodynamic 
drag, tyre rolling resistance and gradient to produce the torque 
requirement at the driving wheels. The torque requirement of the 
engine can then be developed knowing the gear ratios and final 
drive ratios, the efficiencies of final drive and transmission and 
the parasitic torque.
A recent example of a computer prediction model of this
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type is given in Renouf (3.13) Figure (3.1) shows the energy flow 
through the vehicle as modelled by Renouf. The equations used in 
his particular model are given in Appendix (3).
Many modelling methods make use of engine "maps" which 
are the data plotted in graphs of engine characterisics; (these 
are effectively two dimensional representations of three engine 
variables - usually performance variables - and hence the 
shorthand definition of "map"). Maps of fuel consumption against 
torque and speed are used to predict the fuel consumption from a 
particular vehicle movement, for instance over a driving cycle. 
This can be used for simulation in conjunction with a "density" 
plot of the trip being simulated showing the time spent at each 
torque and speed, and corresponding instantaneous fuel consumption 
values may be found on the map. These may be summed for 
successive time increments. The engine charts for particular 
journeys, plotted as tables of torque versus rpm, can be likened 
to the use of category analysis in transport planning, but in this 
case the cell entry in the table is the number of seconds in a 
particular journey that the engine will be required to operate at 
the given rpm and torque levels (Poynton and Dawson (3.6)).
To use the models to assess engines, the mapping fuel 
data can then be regressed using independent variables such as 
engine speed, torque, spark advance, air/fuel ratio, and 
percentage exhaust gas recirculation (if fitted). The regression 
equations and the speed/torque plots are combined with an 
optimisation program so that various parameters from the 
regression equation can be altered to produce optimum fuel 
consumption rates.
3.3.2 Applications
It is not intended to review here the use of these 
deterministic models in engine and vehicle design and development 
per se. There are, however, some important applications which 
affect the Traffic Manager and where a note of caution should be
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entered.
Both Poynton and Dawson (3.5) and Watson (3.6) discussed 
the use of these models to assess Urban Driving Cycles. (Urban 
Driving Cycles seek to simulate actual urban driving by means of a 
simplified speed acceleration and distance profile which various 
vehicles and systems can be assessed against as a standard.)
Speed profiles for some typical urban simulation cycles are shown 
in Figure (3.2) from Watson.
Watson compares six test cycles currently in use, 
including some designed to represent urban driving. Because the 
tests have different speed profiles, different ratios of torque 
and speed become more important. (Compare the U.S.72 test and the 
Melbourne driving cycle with the ECE 15 cycle which has mild 
acceleration rates).
The proportion of time spent idling is also noticeably 
different ( that is with the vehicle stopped or in the 
deceleration mode.) Watson and Milkins (3.15) compare the effect 
of reducing the idling consumption with the improvements in the 
non-idle efficiency factor of the engine for three urban driving 
cycles. If a 50 percent reduction in idle fuel consumption were 
to be obtained, the total fuel reduction in the ECE cycle would be 
13 percent, considerably above those for other tests. (See Table
3.1 taken from Reference 3.16.).
To achieve the same percentage reduction in fuel, the 
non-idling efficiency for the ECE cycle would have to be increased 
by a factor of 1.22. A factor of about 1.1 is required if the 
other urban cycles are to produce the same level of fuel saving by 
efficiency change as the 50 percent idle reduction.
This analysis shows that a manufacturer could well 
behave differently towards idling fuel consumption if his vehicle 
was evaluated under different driving cycles. As the ECE cycle is 
quoted widely in sales literature in Europe it will almost 
certainly influence design since it is now the most widely known 
single figure assessment common to all vehicles driving in urban 
conditions.
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Fuel consumption modelling.
The ECE cycle is often criticised in that it does not 
represent normal urban driving , and it may well be that the 
acceleration rates used in ECE 15 are too low to represent urban 
driving accurately, but this may not be as important as the amount 
of time spent idling (Bayley (3.14)): and the need for a
reappraisal of the driving cycles used in Europe is crucial.
Waters and Laker (3.15) also point out the extent of idling in the 
ECE cycle, and they consider that the effect of vehicle mass may 
be more important than the cycle would suggest. Nowottny and 
Hardman (3.7) indicate that the choice of a lower cruise speed in 
ECE 15 would increase the overall consumption markedly; the 
already low speed and mild acceleration mean that the engine is in 
any case not operating near its maximum efficiency.
Thus if urban driving is significantly different from 
the ECE test, and there is evidence to show that it is in some 
parts of the world, then it is questionable whether it should 
influence the design of engines to any great extent; yet it is
clear that to meet the sales requirements for a vehicle a low ECE
15 urban driving cycle value is important. Perhaps rather than 
regard ECE 15 as a fixed target, it should be made more complex
and should be changed to reflect actual urban driving.
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3 .A Lumped Coefficient Models
3.4.1 Model Description
If the efficiencies of engine final drive and
transmission are regarded as constant for the normal operating 
ranges of torque and speed then, assuming also that torque and 
engine speed are approximately linear for the range of urban 
driving, it is possible to reduce the deterministic model to a 
model using only the instantaneous vehicle speed and its 
derivatives. Summing this model over a vehicle journey will 
produce an assessment of fuel consumption and, for any vehicle or 
composite vehicle, only four constants need to be evaluated:
where: V = instantaneous speed and
are constants for a given vehicle.
Watson, Milkins and Marshall (3.1) show that this equation can be 
re-written for a distance D in the form:-
AFC = kj + k2+ kj .V + k^l.dv
V V dt
F C = kj + k2 + k^. V + k 
V
where: AV2 = Vf2 - Vi2
and Vf = final speed after +ve acceleration a
and Vi = initial speed before +ve acceleration a 
and the coefficients can be assessed as follows: 
kj represents the fuel used in overcoming the vehicle
resistance losses
k2 is the idle fuel consumption
kj is the conversion efficiency to work-to-accelerate-the-vehicle
per unit distance
k4 is a constant of proportionality for a given vehicle
and jlAV2! = PKE 
D
A >  0
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3 .4 i2 Significance of PKE (Positive Kinetic Energy per unit mass
As Watson et al. point out, the path-independent nature 
of the PKE offers significant advantages in analysis and data 
acquisition:-
(i) manually, it may be obtained from simple charts, 
such as a 'Tachograph' record, since only the maximum 
and minimum ordinates of all accelerations are needed;
(ii) electronically, the differentiation required to 
obtain the integral avoided, and hence less precision is 
required in v;
(iii) the time interval for the acceleration is not 
required;
(iv) it is equally valid to evaluate it for small or 
large scale driving segments, i.e. micro-trip or total 
trip;
(v) its concept is likely to be more readily appreciated 
than an acceleration integral.
3.4.3 Application
This type of model has been calibrated by Watson,
Milkins and Marshall (3.1) for Australian driving conditions and 
can explain 88 percent of all variation in fuel consumption on all 
types of road, both urban and rural, and CBD and freeway 
conditions. Akcelik (3.17) criticises the PKE model as not being 
suitable for prediction of location-specific values of fuel 
consumption under particular traffic management or control 
situations; the use of PKE and NKE is considered further in later
PAGE 78
Fuel consumption modelling.
chapters. Discussion of the results of Watson et al from their 
modelling is included in more detail in chapter (4)
3.5 Driving Models
3.5.1 Model Description
Nowottny and Hardman (3.7) describe a computer model for 
car driving, developed to assess the potential of various fuel 
economy measures. Driver behaviour is included as a central 
feature. Three basic groups of input variables are considered in 
the simulation:
Car - mass, frontal area, aerodynamic drag coefficient, 
rolling resistance, inertia of rotating and reciprocating parts, 
engine fuel map (giving the relationship between engine speed, 
power output, throttle and fuel flow rate), gear ratios, 
transmission efficiencies.
Driver - determination and anticipation parameters, 
minimum and maximum engine speed, maximum throttle opening, 
minimum time between gear changes, gear change execution time.
Route - speed limits, stop points, bends, hills.
Various strategies are available within the model so 
that, for example, the driver behaviour characteristics can be 
suppressed, and the program models the car adhering to a given 
speed time profile. The model can also be used to specify how 
much of the available vehicle performance a driver will use 
(Waters and Laker (3.15)). The model is outlined in Figure (3.3).
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A variable "driver determination" is introduced to 
simulate the importance various drivers might attach to a 
particular requirement. For example, generally drivers will be 
more determined to stop at a signal stop line (rather than 20 
metres into the junction!) than they would be to accelerate to a 
given speed. The signal stop is therefore given a higher 
determination factor than the acceleration. This together with 
driver anticipation factors, enables different driver responses to 
be reproduced and investigated.
In operation, Nowottny and Hardman show how road load is 
determined by summing the contributions from the various retarding 
forces. These are relatively straightforward to determine - 
aerodynamic drag is derived from vehicle speed and direction, 
frontal area and drag coefficient; rolling drag is derived from 
vehicle speed, tyre rolling resistance, longitudinal and lateral 
accelerations; hill-climbing drag is derived from vehicle speed 
and gradient.
The desired torque at the roadwheels can be calculated, 
and to obtain engine torque and hence fuel consumption complex 
modelling of gear selection is used, including procedures to avoid 
unrealistic hunting between the gears and attributes corresponding 
to real driver behaviour (for example, using lower gears when hill 
climbing).
3 .5.2 Applications
The model outlined above has been calibrated using an 
instrumented car, as described by Easingwood - Wilson et al (3.18) 
and by observation of drivers.
The model output has been compared with dynamometer test 
results for the ECE 15 simulated Driving Cycle, and has shown 
reasonable agreement.
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Thus, models including the characteristics of drivers 
have been developed and from these simulation of actual driving 
can be made for a series of road conditions, and the effect of 
different driver and vehicle combinations assessed.
3.6 Road Network and Junction Models
3.6.1 Model Description.
Claffey's approach to fuel consumption measurement
(3.24) was to find, for various road and traffic parameters, the
excess fuel to be applied to the consumption estimates for travel 
at a given speed on straight and level roads. To find the 
expected consumption for a particular route, corrections would be 
made for each category in which the particular route departed from 
the norm.
The usual alternative to this is that used by Hide et al
(3.11) in which the consumption for various classes of rural route
are obtained and the results regressed to find suitable predictive 
parameters. This empirical approach has the advantage that it is 
built on real data, but the disadvantage that it cannot 
legitimately be applied outside the range of variables input into 
the model at the data collection stage.
When considering models of junctions, the type of model 
used for traffic signals given above can be criticised in that no 
account is taken of the road geometry. Care should be exercised 
when the consumption at signals is compared with the consumption 
at other forms of intersection, particularly when the effects of 
turning traffic are included. Vehicles negotiating a bend or 
corner at a signalised junction will incur some penalty even when 
the signal itself imposes no delay or excess fuel (Chapter 8). 
Improvements in the number of stops for turning traffic will not
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yield the full potential savings, as some speed reduction will 
still occur.
Some modelling of the physical nature of the junction 
and its geometry is therefore required. Generally with infrequent 
junctions, Models generally can be very simple, and need only 
relate to the distance, cruise speed and gradients.
For assessments of junctions, Gardiner and Baker (3.9) 
used a model with regression equations as the basis, but adopting 
the excess fuel approach suggested by Robertson. The fuel 
consumed in a roundabout or passing through a bend was assessed as 
being the product of three components
1) the fuel that would have been consumed in passing 
through the junction if the vehicle has travelled at the cruise 
speed through the intersection;
2) the excess fuel attributable to the geometric delay
caused;
3) the excess fuel caused by other factors within the 
junction (the geometric excess).
The first two terms are directly analogous with the 
first two terms of Robertson’s model, given that the tangent path 
is equivalent to the uninterrupted path through a traffic signal. 
The third term is derived by regressing the remaining fuel 
consumption, once the steady speed and delay consumption have been 
allowed for, against typical junction parameters. This work is 
reviewed in detail in Chapter(7).
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3 .6.2 Applications
Robinson et al have produced regression equations for 
fuel consumption in rural Kenya and these are applied in the TRRL 
road transport investment model for developing countries (3.27). 
The model provides separate equations for four classifications of 
vehicle and for two classifications of road, paved and unpaved.
3.7 Specific Operational Models
3.7.1 Introduction
There are a number of reports which outline the 
potential fuel savings when traffic operations are reassessed with 
fuel consumption as an objective function rather than delay or 
some other attribute. There remains a general problem, which is 
to decided how much attention should be given to fuel as opposed 
to other resource costs. This is bedevilled by the usual thorny 
problem of the value of time, and in particular non-working time. 
Discussion on this wider issue is outside the scope of this 
Thesis.
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3.7.2 Model Description
The approach used by Robertson et al (3.8) and by 
Akcelik (3.17) is to consider an elemental model which identifies 
three basic components
a) the total amount of travel per hour;
b) the total delay per hour;
c) the number of stops per hour.
It can be seen that this model form fits well onto Robertson’s
TRANSYT program for optimising the co-ordination of signals.
The original TRANSYT model (3.27) contains a performance 
index allowing the user to assess different signal co-ordinations 
and allowing him to weight delay against the number of stops: the
model assumes a continuous cruise speed chosen for each separate 
link. The model has been developed separately for fuel 
consumption by both Robertson and Akcelik. Robertson, Lucas and 
Baker (3.8) have examined the fuel consumption during stops.
Every time a vehicle decelerates from its cruise speed to rest and 
back to its cruise speed, its trajectory on a time/distance plot 
is displaced by a delay which can be ascribed to a stop. Figure 
(3.4) shows the delay caused to a vehicle ; the horizontal offset 
of the trajectory is the delay.
Fuel will be consumed and can be divided into three
parts:
a) the fuel that would have been consumed if the vehicle 
had continued over the distance at the cruise speed; b) the fuel 
that would have been consumed at the idle rate for the period of 
the delay caused by the stop; c) an excess quantity related to 
the stop, and related to the loss of KE during the stop.
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The fuel consumption expected is thus 
FC = a.V + b.d + c. IKE
Thus for a particular vehicle passing through a signal 
or set of signals the total delay time (both at rest and that 
caused by the stop) can be given a fuel equivalent; Robertson, 
Lucas and Baker also derive an empirical expression for the actual 
excess related to the stop from various cruise speeds. This model 
was compared by Robertson et al to the results found by Everall, 
and the model used by Chang et al; these models are discussed in 
detail in Chapter 4.
In the later versions of TRANSYT (3.9) the user can 
specify the relationship between the delay experienced by a 
vehicle and the proportion of a full stop that is incurred. By 
examining typical deceleration and acceleration profiles,
Robertson et al provide recommended values for the proportions of 
full stops for various delays up to 8 seconds, (longer delays 
cause a full stop) and these are used to determine the fuel 
consumed in partial stops.
Akcelik has developed a version TRANSYT/6 N (3.20) which 
incorporates the same type of model as that used by Robertson. In 
an excellent paper, Akcelik (3.17) details the advantages of his 
elemental model and gives examples to demonstrate the difficulties 
associated with other simple operational models including those 
which attempt to provide an overall Network model. An example of 
this type (discussed in more detail in Chapter 4) is the model 
used by Evans, Herman and Chang (3.21, 3.22, 3.23) and their 
co-workers, based on inverse travel time which cannot represent 
stops explicitly, and will not attach any difference in fuel 
consumption to journeys having the same travel time, but with 
different numbers of stops. Whilst Evans' model can be shown to 
predict fuel consumption from traffic management changes in a 
general way, this is only because there is a partial correlation 
between the travel time and the fuel consumption from stops caused 
by their delay, but the excess due to KE change is not modelled 
(there are other objections to the General Motors model; see
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Chapter 4). Bayley(3.14) shows that for a speed change cycle 
(stop or partial stop) the acceleration and deceleration rates may 
not affect the fuel consumption if transient phenomena during 
throttle changes are ignored, a finding supported somewhat by 
Claffey's earlier data (3.24) which showed almost constant excess 
fuel for stops with a range of acceleration rates. This is also 
at odds with the inverse travel time model.
3.7.3 Application
Courage and Parapar (3.25) use Claffey’s data (3.23) for 
an American composite vehicle and suggests that one vehicle 
stopped from 50 kph is the equivalent of 60 seconds of delay with 
consumption at the idle rate. Using this assumption they then 
show that the optimum cycle length for minimum fuel consumption 
under an area traffic control system such as TRANSYT is about 140 
seconds. This cycle length may be regarded by traffic engineers 
as unrealistic from a delay point of view, and Courage and Parapar 
show that considerable savings of fuel are also available at lower 
cycle lengths (though still longer than the optimum cycle length 
for minimising delay). Figure (3.5).
Canadian investigators Messinger, Richardson, Graefe and 
Mufti (3.26) also show the significant advantage of TRANSYT over 
manual signal setting, though the exact performance index used in 
deriving the TRANSYT signal settings is not specified. Messinger 
et al applied version 5 of TRANSYT to derive their signal timings, 
and compared these with the existing system which used the SIGRID 
system.
The results were evaluated for Lawrence Avenue East, a 
major highway in Toronto, by running a test car up and down the 
through route. (This can be criticised in that the signals will 
have been set to accommodate all traffic at each intersection, and 
not just those on the Lawrence Avenue route.) The new signal 
timings gave reductions in journey time for all the peak and 
off-peak periods studied, except one direction in the evening peak
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period when the time and fuel consumption under the TRANSYT system 
were worse, and the TRANSYT system gave worse fuel consumption 
(but better journey time) on the morning peak in one direction and 
only as good fuel consumption off peak in one direction (See 
Figure (3.6)). The Toronto results were subsequently 
flow-weighted (each element of the survey being multiplied by the 
number of vehicles completing that element) and this showed the 
overall advantage of the TRANSYT signalised control. The overall 
results were a saving of 21 percent time, 2.2 percent fuel, 40 
percent savings in delay, and 35 percent fewer stops.
In addition to supporting the type of model represented 
in the TRANSYT program, Messinger et al also looked at some simple 
and two- and three-variable multiple regression equations based on 
their results. This is reported in Chapter 4, but the results 
generally do not support the model suggested below for network 
fuel consumption suggested by General Motors investigations.
Bayley (3.14) also considers fuel savings from signal 
co-ordination and derives values for the time equivalents of stops 
from various speeds.
Akcelik (3.17) gives examples, based on a simple 
network, to show how various applications of TRANSYT/6 N can be 
used to optimise fuel consumption, including the benefits from 
banning turns.
Robertson et al (3.8) applied their model to the Glasgow 
Area Traffic Control system and used TRANSYT to estimate the 
expected fuel consumption levels. They weighted stops as 
equivalent to 0, 2, 5, 10, 20, 50 and 100 seconds of delay, thus 
encompassing all but Bauer’s stop penalty fuel equivalent of those 
reported by Akcelik (3.17) (Table 3.2). The data derived by 
Robertson et al gave the stop equivalent value of 22 seconds delay 
and the TRANSYT model suggested that at this level, small but 
worthwhile improvements in fuel consumption might result.
This prediction was tested in a full scale survey run 
with the signals co-ordinated by TRANSYT to provide either minimum 
delay (stop penalty = 0 )  or minimum fuel consumption (stop penalty 
= 20). Statistically significant reductions in fuel consumption
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of about 3 percent were obtained, with good agreement between 
theory and practice, in both relative and absolute terms.
These results superseded some tentative conclusions 
reached by Reid (3.29) and the author, in which variation in the 
stopped penalty included in TRANSYT was examined for three 
different idealised networks and a simplified version of the 
Guildford town centre.
TRANSYT optimises the signal settings such as to 
minimise a performance index, and the index optimises the 
relationship
P I = d +k.s
where d is the delay and s is the number of stops. Variation of 
the constant k simulates different relationships between idle fuel 
consumption assumed to apply during delays, and the excess fuel 
consumption due to acceleration and deceleration at stops. Note 
that the delay which occurs during a stop - start cycle is 
included in the TRANSYT optimisation already. It is only the 
excess fuel above that which is related to the delay which will be 
simulated by changes in the stop penalty.) In the simple networks 
tested by Reid and the author, networks of 4 signals in an open 
loop, four signals in a closed loop, and 9 signals in a 3x3 system 
giving four closed cells were tested. Some effect was observed to 
occur with small values of k (up to 24) for the simple 4-junction 
network (amounting to about 13 percent reduction in the number of 
stops) but larger values (up to 1000) had a further diminishing 
effect. This was surprising as it was thought that a small 
variation in k would produce the minimum number of stops, and that 
the number of stops would not reduce further. The number of stops 
was "bought" at the expense of overall journey time. With the 
idealised networks of four junctions in a cell, only a few percent 
change in the number of stops was identified (less than 4 percent 
with k going from 0 to 24 and under 5 whatever the penalty up to 
1000) but with the four interlocked cells the reductions were 
about 12 percent up to a penalty of 24 and a maximum of 16 
percent. The Guildford network showed a reduction of 8 percent up 
to a penalty of 24, and 26 percent maximum. These rather
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artificial tests are not reported in detail, as it was not clear 
whether the effect was a genuine reflection of the system to 
increased stop penalty, or was related to some rounding or other 
characteristics of the program or the data used to evaluate it.
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4 CHAPTER FOUR GENERAL URBAN CONSUMPTION MODELS - A REVIEW.
S ummary
This chapter reviews general urban consumption models.The work 
of Roth is reanalysed and shown to support a more general model than the 
inverse travel time function generally quoted. The data reported by 
Everall in LR 226 are considered in detail. The car data are shown to 
fit the same form of model as Roth’s data. Some difficulties in 
accepting the equations for commercial vehicle consumption are 
discussed. The work in Detroit by General Motors is evaluated and some 
reservations are expressed as to the justification of the analysis 
given. The PKE model proposed by Melbourne University and outlined in 
Chapter 3 is discussed further.
4.1 Introduction
This Chapter reviews four major investigations into overall 
urban fuel consumption that are generally referred to around the 
world. In examining these projects the need to reinterpret some of 
the data became apparent. The early work by Roth and Everall, which 
set “the pattern of research in U K and affected the General Motors 
research programme in the USA has been assessed at some length. In 
neither case was all the actual data available, but the references 
contained enough for the detailed evaluation of expressions widely 
quoted elsewhere. Conclusions have been drawn on the best type of 
empirical relationship to fit the available data.
The author's own work on general fuel consumption models 
with the TRRL on data from Coventry is considered in Chapter (5).
(This is intended to revise Everall's work on cars). A review of data 
from current research for commercial vehicles is included in Chapter 
6. This provides an equivalent general model for commercial vehicles.
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4.2 Rural roads.
While rural roads are not included in the experimental part 
of this thesis, it is on rural roads that fuel consumption models were 
first used. The reader is referred to Morosuik (4.1) for a detailed 
examination of Rural road studies throughout the world.
4.3 Urban studies in England. I Roth
The urban fuel consumption problem was first studied in the 
nineteen fifties by Gabriel Roth (4.2a, 4.2b, 4.2c), who used two 
cars, a small van, and three lorries(two 5 tonne and one 14 tonne) to 
investigate fuel consumption in two areas:
a) London and
b) the A5 trunk route, running from London to Birmingham.
The reason for these two studies were to provide data for 
determining the economic affects of road improvement schemes. While 
much work has since been carried out into solving the rural trunk road 
problem it is interesting to note that Roth Stated quite clearly 
that:-
"..operating costs are least when running speeds are injthe region 
40-50 mph (65-80 kph), and that it is more beneficial to raise speeds 
in the 5-30 mph (8-50 kph) range than in the 40-60 mph (65-100 kph) 
range."
Roth began work on the effect of traffic congestion (as 
evidenced by reduced speed of traffic) on fuel consumption, and 
produced equations for particular vehicle and driver combinations of 
the form
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FC = a + bt Eq.4 .1
where
FC = the fuel consumption -1 per km (or gallons per mile) 
t = the journey time per mile
and
a and b are constants for a particular vehicle/driver combination.
Roth stated that this inverse relationship with travel speed 
held good to about 40 mph, but further tests on the test track at 
Nuneaton showed an increase with higher speed. Roth also showed that 
test track results were considerably better (lower consumption) than 
road trials for the same speed.
As these results are always referred to in any review of 
fuel consumption studies, and, along with Everall's work, have 
influenced many other research workers, the available data was 
examined. (Permission to use RN 3426 was obtained from the TRRL 
Publications Department, but the report has never been released for 
publication, and should not be quoted without reference to the 
Director of the Transport and Road Research Laboratory.)
Roth's data for Greater London are plotted in Figure (4.1)
It should be noted that the data are not for Central London, and it
includes runs of up to 39.7 mph, with no stopped time. It is
therefore more typical of general urban areas rather than city 
centres. Unfortunately, neither the tabulated data (Table 4.1 ) nor 
the figures attached to the report allow very fine re-analysis. It
was possible to confirm that the data for Greater London for the
Vauxhall Velox 1955 model 2.2 litre 66 Hp car gave an inverse journey 
speed relationship:
FC = 206/V +7.36 Eq.4.2
F (686) (39 cases) .
R2= 0.94
This is not strictly comparable with later work by Everall 
or Herman et al. or Chapter 5, as the times and speeds are averaged 
between vehicles as well as between runs by the same vehicle. As 
there were 17 runs by the car and the small van, and only two runs
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Urban Consumption Models
(one laden and one* empty) by each of two lorries, the results could be 
taken as typical of light vehicles. The results included in the 
report for goods vehicles do not reveal which data points relate to 
which load condition, and there is no way of identifying which result 
is which from the plots.
The results that Roth obtained demonstrate an inverse 
relationship for fuel consumption against speed for his Greater London 
data. To examine more fully the results, Roth's Greater London data 
was combined with the reported data for the A5. The A5 route was 150 
km (92) miles long, but the detailed data is necessarily omitted from 
the report, and only a limited summary is available for study. This 
does however use the same car with three drivers. The data for steady 
speed tests at the MIRA test station were then also added.
Using the A5 data and the Greater London data gave a very 
similar result to the London data alone, and again inverse journey 
speed explained 95 percent of the variation.
FC = 200/V +7.7 Eq.4.3
(1017) (51 cases)
R2 =0.95
Adding a speed squared term could not be justified; the additional 
explanation gave an F value for speed squared of 1.8, only 
recogniseable as different from chance at the 25 percent level. Using 
an expression including speed as well as inverse speed and speed 
squared was significant at the 0.1 percent level, but only explained 1 
percent more of the variance:
FC= 152/V +0.0034 V2 -0.31 V +15.1 
(30) (6) (6)
R2 =0.9 6
This is however a more reasonable equation to use, for two 
reasons. Looking at the (limited) A5 data suggested that the inverse 
speed relationship was no longer justifiable on its own, as it 
explained a little less than a speed squared relationship:
Eq.4 .4 
(51 cases)
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FC = 0.0013V2 +6.38 Eq.4 .5.
(5.78)
R2 = 0.37 
and
FC = -613/V +21.3 Eq.4.6
(5.72)
R2 = 0.36
This is also a negative relationship with inverse speed and 
is incompatible with the expression in Eq(4.2)(see further below).
Roth correctly restricts the applicability of the expression he 
derived to urban conditions.
Including all the MIRA steady speed data to produce an
overall relationship for a larger speed range gave a best fit of:
FC = 204/V +7.5 Eq.4.7
(1286) (69 cases)
R2 =0.95
This does however diguise the actual relationship in the 
test track data. These taken by themselves have a strong positive 
relationship with speed and speed squared:
FC = 0.069 V +4.2 Eq.4.8
(132) (18 cases)
R2 = 0.89 
and
FC = 0.00043 V2 +6.9 Eq4.9
(155) (18 cases)
R2 =0.91
The relationship is over a limited speed range; this is the 
reason that strong coefficients of determination can exist between 
both speed and speed squared.
For the same reason (the limited speed range) fitting a 
curve to the A5 plus MIRA results is not really appropriate, 
especially as the data is from two different patterns of driving.
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Statistical summaries and correlation coefficients for the 
variables examined from Roth’s work are given in Tables (4.2 to 4.7) 
for each of the sets and subsets of data.
(Tables 4.2 to 4.10 are in Appendix 4).
It can be seen from these that the correlation of fuel 
consumption with any of the speed variables is not good on the A5 
data, and to extend the range of the higher speed data, the higher 
speed runs from the Greater London survey were combined with the A5 
data and re-analysed in this new group. This lead to the even less 
helpful result (Table 4.8) where there is clearly very little direct 
correlation between fuel and speed or speed derivatives at all. (The 
inverse speed relationship:
FC =208/V +7.2 Eq.4.10
(398) (33 cases)
R2 = 0.93
still applied strongly at speeds less than 50 kph.) The six higher 
speed "cases " from the London data taken alone (Table 4.10) did not 
fit the general speed: relationship well and fitted an inverse speed 
plus speed squared relationship better, but the number of "cases" is 
too small to draw positive conclusions. Regressing the higher speed 
London and the A5 data for fuel with speed and inverse speed, or with 
speed squared and inverse speed gave coefficients of determination of 
about 0.37, but the expressions derived are meaningless, having very 
large negative constant terms. The range of speeds represented is 
from 50 kph (30 mph) to 67 kph (42 mph) and range in length from 2/3 
of a mile to 9.4 miles in the Greater London data to the A5 runs of 92 
miles.Roth divided his A5 route into 79 sections; examining the 
results from these, he states (without giving supporting data):
"no correlation was found between journey time and fuel 
consumption in the individual sections".
This is borne out by the re-analysis attempted, and it is 
significant in that Roth is widely quoted as relating fuel consumption 
to inverse travel time. This applies only at low speed. Roth 
suggested 40 mph (64 kph) as the limiting speed for his data . A more 
realistic maximum might be 30 mph (50 kph). Above this speed, the
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data does not support a single uniform inverse journey speed 
relationship.
Roth also analysed the differences between his three drivers 
over the whole A5 route from London to Birmingham and found that for 
the car reported above and another smaller car, the drivers had 
different average journey times and average fuel consumptions.
In this case the fuel consumption decreased with increased 
journey time (confirmed by the weak relationship found in equation 
(4.6) above.) The trade-off between fuel and time is approximately 
3.8 minutes per litre for the larger car and 4.4 minutes per litre for 
the smaller car.
Summarising this review of Roth's data, it can be said that 
the inverse travel speed relation can be confirmed up to 50 kph but 
that, above this speed, no clear relationship could be identified.
The tendency in the data for a negative inverse relationship between 
fuel and journey speed, noted by Roth as applying to the different 
results of the three drivers, can be confirmed as generally applying 
to all the data, and from speeds of 50 kph upwards. At any higher 
speed, many other factors come into play, particularly the driver 
behaviour, and no strong relationship can be identified from the data.
If a single equation were to be used to describe Roth's data 
it would be best to use :
F = 152/V +0.0034 V 2 - 0.31 V +15.1 (Eq.4.4)
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4.4 Urban studies in England. II Everall
The work of Roth was updated and considerably expanded by 
P .F.Everall(4.3) who reported in 1968 the work carried out in the 
spring of 1967. Everall used a variety of vehicles in the way Roth 
and Claffey did, ranging from a small car to a 22 ton articulated 
lorry . However rather than just provide tabulations for each vehicle 
type and each condition, Everall used the results obtained to provide 
generalised equations for the vehicles over the full range of journey 
speed that he found in various urban and rural conditions. The speed 
range for the vehicles was from 6 kph to 120 kph for the cars, and 
from 6 to 90 kph for the commercial vehicles. He derived expressions 
of the form:-
FC = a + b/V + cV2
for each of the vehicles. The constants (a, b, c) Everall found for 
his goods vehicles are given in the top section of Table (4.11). 
Details of all the vehicles used are given in Table 4.12 taken from 
reference (4.3) (LR 226).
Using the data for the mileages completed by different types 
of vehicle, and multiplying these by the fuel consumption expressions 
he found, Everall obtained an "average fuel consumption" for various 
speeds and recombined these to give a general expression for the 
average 1968 vehicle (see Figure 4.2). Whilst the research did 
identify the separate contribution that gradients made to fuel 
consumption on rural routes where the journey speed was above 50 kph 
(30 mph), this was not so for the remainder of the investigation. 
Neither gradient nor curvature were considered separately for the 
urban study. The actual route driven was 248 km long (Figure 4.4) and 
consisted of a continuous run along major traffic routes, with two 
diversions in central London, one of approximately 4 km., and one of 
about 8 km. The curvature was not recorded, and there is a general 
criticism that the route chosen does not typify urban conditions in 
London, since most intersections were driven through in the "straight 
ahead" direction. There are thus few delays due to right turn
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manoeuvres and little delay or fuel consumption caused by junction 
geometry. This is not a particular criticism of Everall, since the 
same technique was used by Evans et al. (see below), Messinger et 
al., (see Chapter 3) and by Watson et al.(see below), but it is one 
from which the TRRL data for Coventry reported in Chapter(5) does not 
suffer.
As the fuel consumption of cars and commercial vehicles will 
have changed somewhat from 1968, Everallfs data was reanalysed, first 
to provide a single relationship for cars (omitted from the original 
Report), and second to see if the commercial vehicle data could be 
reduced to a simple relationship, rather than a series of coefficients 
for each vehicle. This can then be compared with more recent data to 
identify any trend in the general fuel consumption of commercial 
vehicles, so that a reasonable predictive equation for commercial 
vehicle consumption can be provided.
(( After this work had been completed, it was 
found that there were limitations on the scope of the 
results that Everall had obtained. This was because the 
commercial vehicles were unable to attain high speeds, and 
the coefficients of the speed squared terms derived by 
Everall were too low for higher speeds. This information is 
given in Dawson (4.4) LR 439:
"Fuel costs.
Fuel costs are based on a study of fuel consumption that was 
carried out in 1967 (Everall) which shows that fuel 
consumption can be expressed by formulae of the form:
FC = a + b/V + cV2 
the heavier goods vehicles that were used in the fuel 
consumption study could not attain very high speeds and 
consequently the coefficient of V in the formulae of the 
above form that were fitted to the data were too low.
In the formula given for 1970, given in Tables 1 
and 2 the V2 coefficients for other goods vehicles and for 
public service vehicles have, compared with those given in
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TN 360, been increased ten fold. This is an arbitrary 
increase, but some unpublished results of tests recently 
carried out with two very heavy commercial vehicles indicate 
that this is the right order of magnitude and moreover this 
term has very little effect for speeds under 70 kph.
Dawson’s Tables 1 and 2 are for vehicle operating 
costs in pence per km and are not therefore useful in
checking the actual changes made.
However, the data from Everall can be used for 
comparisons at urban speeds.
(This note by Dawson was only indentified by 
chance; it does not appear in later versions of vehicle
operating cost tables. Care should thus be exercised in 
using Everall's commercial vehicle data.Further discussion 
of the reanalysis of Everall’s commercial vehicle data 
(which produced different results from those of Everall) is 
given in section(4.6.3)) ))
4.5 Reanalysis of car fuel consumption from Everall’s results.
As can be seen from the maps (Figure (4.4)), the route 
chosen for the fuel consumption studies was subdivided into sections, 
and the detailed results of Everall's work on cars on these sections 
are plotted in Figures (4.2, 4.3 and 4.5).
Everall used two cars, a small 1967 Vauxhall "Viva" of 1057 
cc and a 1967 Ford Zephyr of 1703 cc. The plotted results in Figure 
(4.3) are for an "average" car (in fact the mean of the two cars, 
though Everall does give valid reasons why this data can be 
extrapolated) .Results for an average vehicle (a value from the six 
vehicles used weighted in proportion to the relative frequencies of 
the size of vehicles represented) is given in Figure 4.2, as explained 
above. The raw data used by Everall was not available for this study, 
but Everall's Table (7) in LR 226 (reproduced as Table (4.13)), gives
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the results for the car journeys averaged over each section of the 
route. LR 226 reports the function relating speed and fuel 
consumption for the average vehicle as
FC = 6.11 + 209/V + 0.000400 V2 Eq.4.11
where
FC is the fuel consumption in litres per 100 km 
and V is speed in km per hour.
Everall does not provide a similar formula for cars, but quotes
instead a separate relationship for motorways and another for Greater 
London, but not for all urban areas. For rural motorways the equation 
given is:
1/FC = 0.254 - 0.00132 V for 55 > V >  115 Eq.4.12
for the Viva car 
and •
1/FC = 0.197 -0.00108 V Eq.4.13
for the Ford Zephyr over the same range.
and for central London :
FC = 5.65 + 115.9/V 10 >  V ^  58 Eq.4.14
for the Viva car 
and
FC = 8.50 + 191.3/V Eq.4.15
for the Ford. Both sets of equations are stated by Everall to have 
regression coefficients significant at the 0.1 percent level.
The data from Everall's Table 7 (Table 4.13) has been used 
to derive expressions for an average car in the form used by Everall 
for his average vehicle. The data in Table 4.13 is obviously grouped 
but assuming that the grouping is not biased, the results should be 
comparable, with the average vehicle results. Using all the 54 data 
points that Everall gives, the expression derived is:
FC = 4.45 + 172/V + 0.00040 V2 Eq.4.16
(484) (51) (54 cases)
R2 = 0.91
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Urban Consumption Models
The regression coefficient of determination R2 = 0.91 for 
this expression, and the F value for each term is highly significant.
It may be noted that this expression is very similar to the 
expression given in Eq.4.11 . The constant term is 2 litres per 100 
km lower, as might be expected, but the V term i£ identical and the 
1/V term within 20 percent, indicating the effect that the large 
number of cars have on Everall’s overall expression.
If the runs on the rural motorways are omitted, then this 
equation is altered to:
FC = 4.45 + 171/V + 0.00045 V2 
(532) (50)
R2 = 0.93
A further 0.028 improvement in the coefficient of 
determination is obtained by adding the variable speed, thus:-
FC = 11.0 + 121/V +0.0017 V 2 - 0.18 V Eq.4.18
(116) (49) (28)
R2 = 0.96
As can be seen in Table (4.13) the road sections studied 
were subdivided into a number of types of route, and Everall points 
out that the rural routes which were winding or undulating had a 20 
percent greater fuel consumption than those of similar but straighter
routes. There are three of these results, and they do not make a
significant difference to the expressions obtained, as the equation 
for non - motorway routes, omitting these winding/undulating routes 
is:
FC = 11.3 + 119/V + 0.0017 V2 - 0.19 V Eq.4.19
(118) (54) (31)
R2 = 0.96
Over the normal speed range the results are approximately 
the same as those including the winding and undulating routes. (Note; 
this is not to say that the effects of grade etc. are negligible;
Eq.4.17 
(47 cases)
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merely that they do not enter expressions derived from the results 
obtained by Everall.) These expressions are comparable with the 
expression for the average vehicle, and it is surprising that at least 
equation (4.17) was not included in LR 226.
Equation 4.17 gives a very good explanation of all the car 
fuel results, and is thus more generally applicable than the travel 
time functions (Equations 4.14 and 4.15) given for Greater London.
This equation is more in keeping with the other results found by 
Everall. Statistics and Correlation Coefficients for the groups of 
data used are given in Tables (4.15, 4.16, and 4.17).
(Tables 4.15, 4.16 and 4.17 are in Appendix 4)
Apart from inspecting the fit of the equations derived to 
the points on Figure (4.3) the validity of this analysis of Everall's 
data was checked by deriving, from the limited data available in the 
tables, expressions for the average car in Greater London and for 
rural motorways. The average values are shown in Table 4.14. (in 
Appendix 4). Only six "cases" were available for the Greater London 
data, because the "cases" are averaged results. Consequently the high 
regression coefficients are regarded with caution. The result 
obtained for Greater London was:
FC = 6.8 +153/V Eq.4.20
(2916) (6 cases)
R2 =0.998
(To identify that this was a reasonable result, the equivalent 
equations for different groups of urban or near urban conditions were 
identified for the inverse journey speed relationship, as follows: 
for Greater London and the suburban routes(10 cases):
FC = 6.9 + 153/V
for Greater London, the suburban routes and small towns (13 cases):
FC = 6.1 + 161/V
and for Greater London, suburban routes, small towns and villages (19 
cases):
FC = 5.8 + 164/V
The R2 term decreases progressively as more data is added, but 96
percent of the variation is explained in the most general term with 19 
cases, and the Equation 4.20 is thought reliable).
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This gradation of results was taken to confirm the 
relationship for the 6 cases for London. Equation 4.20 lies midway 
between the two results given for the separate cars by Everall, and as 
there are only two cars involved, the expression can be compared with 
the line taking a mean value from Everall's two cars:
FC = 7.07 + 154/V Eq.4.21
This result is very similar to that of Eq.(4.20). To show more 
clearly that the inverse travel speed is no better an expression for 
Greater London data than Equations 4.17 and 4.18., the three 
expressions derived (Eq.4.17, 4.18, and 4.20 ) for the "average" car 
are plotted on Figure(4.5).
Only at the lowest times per km (100 sec/km = 36 kph) do the 
three lines begin to diverge. Clearly the inverse travel speed 
expression quoted in LR 226 is the least appropriate as it would give 
useless results outstde the speed range specified. Within the range, 
it can be seen that there is virtually no difference between the three 
plots . This is even the case at journey times of 400 and 500 seconds 
per km; these represent 9 kph and 7.2kph, extremely low speeds even 
by the standards of Greater London. These speeds are clearly not 
running speeds, and represent conditions in which the vehicle is 
queueing or crawling for much of the time. At these speeds the data 
become very dependent on the exact method of-travel used by the driver 
as will be shown later (Chapter7). There is a large scatter at very 
low speed for both Everall's cars even in the averaged results on 
Figure(4.5 ) .
For rural motorways there are seven "cases" and the equation 
derived from these, comparable with Everall's equation is
1/FC = 0.244 -0.00139V Eq.4.22
R2 = 0.94
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This expression approximates to the result given above in 
Equations 4.12 and 4.13. The more usual way of defining the fuel 
consumption is given by:
FC = -0.069 + 0.098V Eq.4.23
(170)
R2 =0.97
The correlation coefficient of determination should again be 
regarded with caution.
The conclusion to be drawn from the above is that, while 
there is no reason to doubt the data for cars given by Everall in his 
detailed and thorough report, the data for Greater London does not 
appear to be significantly different from the data for other parts of 
the network driven. An equation of the form of 4.17 or 4.18 can be 
used for the majority of car journeys on normal routes in UK with the 
possible exception of motorways and other limited access dual 
carriageways, where driving conditions require less change in kinetic 
energy.
Whereas Roth's data could only be reasonably explained over 
the lower speed range, Everall's work would suggest that all driving on 
roads where there are traffic and junction delays can be 
charactericsed by an expression of the form
FC = a/V + bV2 + c 
and possibly more precisely by
FC = a/V + bV2 + cV +d
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4.6 Reanalysis of commercial vehicle fuel consumption from Everall's 
results.
This is the only comprehensive study of commercial vehicles 
carried out in UK that is published and generally available. It is, 
like the equivalent American studies, a record of particular vehicles; 
in order to compare this 1969 data with more recent work, the data has 
been reanalysed, and combined to produce a general expression. In 
order to examine the data for commercial vehicles, the plotted data 
from Figures 4.6 and 4.7 were used, as the tabulated data in LR 226 
are averaged for sections, and do not therefore cover the full speed 
range. These approximated data are given in Table (4.18). (Everall 
is referred to as Source 1 in the Tables.)
From the vehicle descriptions given earlier (Table (4.12)) 
the gross vehicle weights in tonnes(GVW) were obtained for both the 
loaded and the empty conditions. The power to weight ratios (PWR) 
were calculated,, again for the loaded and empty conditions. The 
appropriate GVW and PWR were assigned to each of the points on 
Everall's data and attempts were made to fit a single expression to 
all the data.
4.6.1 Initial Comparisons
When all the commercial vehicles are compared, variation 
in gross vehicle weight is the single most important variable 
affecting fuel consumption. This explained, for all cases 
considered, about 0.70 of the variance of the fuel consumption 
irrespective of speed. It should however be recalled that each 
vehicle has an appropriate engine size, and has an appropriate 
aerodynamic shape; the gross vehicle weight is therefore a 
surrogate for a number of other parameters. Following the theory 
outlined in Chapter Three, explanation of fuel consumption will 
require terms including multiples of speed and GVW when more than 
one vehicle is being considered. The relationship with GVW is
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Urban Consumption Models
considered further in the discussion, but in view of this, and the 
obvious hierarchical nature of the curves plotted by Everall(Figures
4.6 and 4.7) expressions of the form 
GVW . f(v)
were tested alongside the more usual expressions; the term BP/V was 
also examined. The mass of the vehicle is a major determinant of 
fuel consumption when the vehicle is accelerating(or on a grade); 
in view of the large numbers of changes in speed involved in driving 
on normal roads, the inertia may also determine the average speed 
obtained on a given section and, if
Sum of kinetic energy changes ~<t (V),
a mass-related factor can be considered. Several expressions 
(speed, inverse speed, speed squared) multiplied by the gross vehicle 
weight were assessed as well as the theoretically expected 
relationship.
The expressions derived were no better than the 
expressions given below which can more easily be related to the 
energy equations and whilst Equations 4.29 - 4.31 are reported for 
interest, they are not intended for use.
Power to weight ratio is only mildly correlated with gross 
vehicle weight as the data here is for all the commercial vehicles 
both in the laden state and the empty state. (The correlation 
coefficient between GVW and PWR is -0.188)
If the vehicles are inspected in the laden or empty state 
separately then the correlation between PWR and GVW is high and 
negative - that is, the installed power per tonne decreases with 
increase in tonneage. The relationship derived from reanalysis of 
Everall's empty vehicles is 
PWR = 27.9 - 1.71 GVWe Eq.4.24
R2 = 0.89
where GVWe is the gross vehicle weight when the vehicle is empty, 
PWR is the power-to-weight ratio in kW/tonne.
It is also to be noted that when the vehicles are loaded the PWR is 
strongly related to the gross vehicle weight (the correlation
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coefficient is -0.876). The installed power thus decreases with 
tonneage for all loaded goods vehicles tested:
PWR =9.7 -0.20GVWf Eq.4.25
R2 =0.87
where GVWf is the gross vehicle weight of fully loaded vehicles.
4.6.2 Relationships for all goods vehicles.
After gross vehicle weight, the next most important 
variable in explaining the data is inverse speed. This adds a 
further 18 percent to the 70 percent explained by the GVW. The PWR, 
speed, and speed squared terms add little to the explanation. (The 
speed, speed squared, and inverse speed each explain about a quarter 
of the total variation of the fuel consumption.lt is clearly the 
same quarter, as they are all highly cross-correlated over the speed 
range used. (Correlation coefficients greater than 0.82 in every 
case except speed squared versus inverse speed where it is -0.69)). 
Power law expressions were tested but were no better at explaining 
the data than the linear relationships.
As the minibus (mb) was petrol driven it should not 
strictly be considered with the remaining data, but expressions were 
derived including it, and are given for completeness. The simplest 
expression explaining the data available was:
FC = 7.7 +1.19 GVW +233/V Eq.4.26
R2 =0.80
FC = 6.9 + 1.20GVW+239/V Eq.4 .26t(with mb)
R2= 0.88
A further 0.003 of explanation is suggested by the 
addition of PWR. The PWR is very poorly correlated with fuel, and 
is negatively correlated (given the independence from Gross Weight,
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this is not unreasonable) and the F statistic of 4.8 on 154 degrees 
of freedom suggests that this is a result unrelated to chance; but 
in view of the small sample of vehicles the value is not included.
No other variables tested improved the coefficient of determination 
sufficiently to warrant inclusion. For empty vehicles the similar 
expression was:-
FC = -2.00 + 2.85 GVW +170/V Eq.4.27
R2 = 0.80
FC = 3.21 + 2.14 GVW + 190/V Eq.4.27b (with mb)
R2 = 0.90
For laden vehicles, the expression is
FC = -4.03 + 1.47 GVW + 3 4 2 /V 
R2 =0.74
FC = 3.15 + 1.20 GVW + 326/V 
R2 = 0.84
Slightly different expressions are found if the Minibus is 
included, and surprisingly these are somewhat better predictors for 
commercial vehicles overall than the predictions using all vehicles 
without the minibus. They do not however predict the heaviest 
vehicle accurately, giving rather lower consumption rates throughout 
the range. For interest, the predictions using GVW . f(v) terms 
for all vehicles were:
FC = 14.6 + GVW( 0.6 +17.9/V) Eq.4.29
R 2 = 0.88
FC =10.1 + 140/V+ GVW( 0.86 +10.0/V) Eq.4.30
R2 = 0.91 
and
FC = 14.8 + GVW( 1.5 + 9.5/V -0.015V) Eq.4.31
R2 = 0.90
Eq.4.28 
Eq.4.28 b (with mb)
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4.6.3 Discussion of the Goods vehicle data.
Table 4.11 (above, pagelC$)shows the individual vehicle equations 
recommended by Everall and similar ones derived from approximately 
the same data.(The approximation is in the estimation of the data 
points from the Figures in LR 226). Everall does not give F, T or 
R statistics for his equations or for the individual constants 
identified.
It is not therefore possible to examine the results 
individually. It is clear that some of the equivalent equations 
derived have V2 terms that are not significant. In view of the 
difference between these constants and those of Everall, it is 
likely that the V2 terms in Everall's expressions should be under 
some doubt as to their significance level, (this is compounded by 
the remarks in LR 439 by Dawson mentioned above.) Improved 
explanation of the data derived can be obtained by inserting a 
speed-related term as well as the inverse and speed squared terms. 
These are presented in the lower section of Table 4.11. While high 
R2 terms are obtained, the constants themselves are again not always 
significant.
As the objective of the Research was to derive expressions 
for vehicles in general rather than to predict the behaviour of a 
particular vehicle, further discussion is restricted to the more 
general expressions derived. Whereas Everall's data shows 
similarity between loaded and unloaded vehicles^data analysis of 
more recent information, though not conclusive, does indicate that 
there is a difference between loaded and part-loaded vehicle 
consumption rates which should not be ignored.(see Chapter 6) It may 
well be that the low power-to-w^^ght ratios of Everall's vehicles 
affected the results. This is contained in Chapter 6 where the 
results are reviewed against more recent data.
From the data available, it would appear that a reasonable 
expression for commercial vehicle fuel consumption can be obtained 
from Everall as follows:
FC = 7.7 +1.19GVW +233/V Eq.4.32
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This has as good a coefficient of determination as the 
expressions for unloaded or loaded vehicles separately, and can be 
taken to characterise Everall's data, which covers a very wide 
spectrum of commercial vehicles and speeds, in both rural and urban 
conditions.
4.7 General Urban studies in America. General Motors.
The next major work after Everall was by the General Motors 
team; their work followed hard on the 1972-3 oil crisis, which caused 
a major change in the rate of economic prgress of the developed world. 
In the introduction to their work Evans, Herman and Lam (4.5a) point 
out the difficulty of using Claffey's work in urban conditions; and 
that in previous work by Herman and Lam (4.6) in Detroit, trip times 
were shown to have little variation.from day to day, given that the 
trip start time was at the same time of day. A high correlation 
between trip time and stop delay was also noted. Evans, Herman, and 
Lam (4.5a) studied the interrelationships between fuel consumption and 
16 variables related to the effects of traffic on a vehicle driven 
through an urban area. The variables are given in Table(4.19). Evans 
et al. took as their starting point the following objectives:
...”a) To explore to what extent a linear relationship between fuel 
consumption per unit distance obtained in studies in Britain and 
Australia can be applied to traffic in the U.S.;
b) to identify what other speed characteristics may also influence 
fuel consumption,
and
c) to relate the above findings to the physical properties of the 
engine vehicle system."....
It is interesting to note that their work is influenced by 
the suggestion from Everall (4.3) and Roth (4.1) that up to about 65 
kph(40 mph) urban fuel consumption for a given driver and vehicle
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The 17 variables* X., are defined and listed below: 
1
X1
average trip speed defined as D/T, where D is the trip 
distance and T is the trip time
V speed noise, defined as ^(v-Xp^ dt/T, where v is the 
instantaneous speed and-all integrals are over the trip 
duration T
X3
fraction of trip time the vehicle was stationary
X4
acceleration noise, defined as dt/T, where a is the 
instantaneous acceleration
X5
largest instantaneous deceleration
X6
largest instantaneous acceleration
X7
2
fraction of time the acceleration exceeded 1 ft/sec 
(0.3 m/sec^)
V number of times the vehicle came to a complete stop
X9
time the vehicle spent stationary
X10
average trip time per unit distance, defined as T/D
X11 '
/ avdt per unit distance where a > 0
X12
2 2 
fraction of time a < -0.5 ft/sec (a < -0.15 m/sec )
X13
2
fraction of distance traveled when a < -0.5 ft/sec 
(a < -0.15 m/sec^)
X14
/ v^dt when a - -0.5 ft/sec^ (a - -0.15 m/sec^)
X15
7 2 2 
/ v dt when a - -0.5 ft/sec (a - -0.15 m/sec )
X16
net acceleration, defined as (vf-Vi)/T, where Vf and 
v^ are respectively the speeds at the end and the 
beginning of the trip
X17 -
fuel consumption per unit distance
Table 4.19 List of variables examined by
Eveans Herman and Lam (Reference 4.Sa)
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could be directly related to travel time per unit distance. As has 
been demonstrated above, Roth's results and Everall's results can be 
better explained overall by an expression including inverse speed and 
speed squared, and a small additional improvement in explanation can 
be obtained including speed directly. These preliminary remarks are 
reported because they perhaps indicate the intentions of the 
researchers, and the environment in which they were researching; this 
may have affected the way in which the work was reported.
Evans et al. used four drivers to traverse nines routes, 
each route being traversed only once. These routes were reported as 
being in urban Detroit; the range of average journey speed (from 15 
kph to 64 kph) would suggest that by European standards some of these 
routes were certainly in the suburbs during off peak periods; the 
closeness of signal intersections in central Detroit would not allow 
progression speeds through linked signals at the higher speeds.
In determining the 16 variables that would be used for 
further investigation, Evans et al. rejected over 30 other variables; 
these include the integral of the product of acceleration and speed 
for negative accelerations. This term is a measure of energy loss 
during retardations. It is exactly analagous with the Kinetic Energy 
loss term suggested by Robertson and used by the author (see Chapter 5 
below). Also missing from the list of variables is any reference to 
the driver. This is however taken up in a later paper, and is 
discussed in Chapter 5.
The vehicle used for the study was an 80 hp G M 1973 model 
subcompact with automatic transmission and fitted with a fifth wheel 
distance measurement device recording to 3 cm (0.1 ft) and a fuel 
meter measuring to 1 cc; real time readings and accelerometer 
readings were also output on their multiple channel tape recorder.
All readings were made with the vehicle warmed up for ten minutes in 
advance. From the data observed Evans et al. carried out four 
multivariate statistical analyses:-
i) correlation analysis
ii)principal component analysis.
iii)Factor analysis.
iv)multiple regression analysis.
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The correlation analysis did not reveal any unusual or 
unexpected dependencies, but showed that speed noise, maximum 
acceleration, and net acceleration during the trip were not useful 
variables for predicting fuel consumption.
The Principal Component and Factor Analysis carried out do 
not appear to have lead anywhere. Evans et al. show that the 
interaction between the variables is complex. Of the Factors produced 
by their Factor analysis, (Table 4.20, below) factor 4 (the net 
acceleration between start and finish of a trip) is totally a product 
of the arbitrary way in which the authors subdivided their data.
Factor 2 is so general as to defy useful description.
Table 4.20
Factor 1 (XI, X4, X5, X6, X7, Xll)
Factor 2 (XI, X7, X8, X10, Xll, XI2, X13, X14, X15)
Factor 3 (XI, X3, X8, X9, X10)
Factor 4 (X16)
Factor 5 (X5)
It is not clear why Factor Analysis was used at all since 
its purpose is usually to define a range of independent variables when 
there are no obvious clues as to what these are; in the case of fuel 
consumption studies, the variables can be well defined from theory; 
the data considered is clearly related to the energy requirements of 
the vehicle travelling through an urban area, and no new factors are 
likely to result. No fresh conclusions were drawn by Evans et al. 
from the Factor Analysis.
In their regression analysis, Evans et al. found that X10, 
inverse journey speed (or average trip time per unit distance) was the 
variable that explained most of the variation in fuel consumption. 
Their unfortunate method of subdividing their actual journeys into 
arbitrary parts with variable start and finish speed meant that the 
second most important variable in their analysis was X16 (the net 
acceleration between start and finish of a trip). However, the best 
three variables taken together were X10, XI1, and X13 (X10 is inverse
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speed, Xll the sum of positive kinetic energy terms, and X13 is the 
fraction:
total distance per trip spent during decelaration phase 
Total distance per trip.
The regession equation reported by them is
X17 = 0.8831(X10) + 0.3857(Xll) - 0.3751(X13) Eq.4.33
R2 = 0.82.
No constant term is included in the original publication. 
Considering the correlation coefficients (Table 4.21) it would appear 
that the equation has not been constrained to pass through the origin,
and there may be a simple omission here. Evans et al. note that
0.714 of the variance is explained by the inverse journey speed alone, 
and X10 plus Xll explain 0.753, the remaining 0.067 coming from the 
addition of X13.
There follows a section with which the author is not in
agreement.
Starting with the regression equation derived, Evans et al. 
then discuss why X10 alone accounts for so much of the variance in 
fuel consumption.They examined linear regressions of other variables 
on XIO.From this they identifed the relationships between Xll and X10 
and between X13 and X10 as:
Xll =0.5312X10 Eq.4.34
X13 =0.6431 X10 Eq.4.35
They then substitute these values into their equation for 
X17 and state
"Substituting these values into Equation 4.33 reduces all 
terms to multiples of X10 and shows that the contributions from Xll 
and X13 are approximately equal and of opposite sign. The single 
variable X10 therefore accounts for a large portion of the variance in
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Urban Consumption Models
fuel consumption per unit distance that can be attributed to traffic 
factors. This is so because the other traffic variables related to 
fuel consumption are themselves closely related to the average trip 
time per unit distance, namely, X10."
There are a number of criticisms of this statement. First, 
the authors do not point out the correlation coefficients in their 
table (Table 4.21) between X10 and Xll, and X10 and X13, are 0.53 and 
0.64 respectively. This suggests that about a quarter (0.53 squared) 
and one third (0.64 squared) of the variability is accounted for by 
X10 ;the remaining threequarters and two thirds coming from other 
sources. Now if Xll and X13, despite their cross correlation with 
X10, are introduced into the fuel consumption equation which already 
contains X10, and these variables improve the explanation of 
variability by 0.10, it is not reasonable to argue as the authors have 
done.
It is entirely possible (indeed highly likely) that the 
additional explanation comes not from the association with X10 but 
from other factors not yet included in the equation. The fact that 
they happen to have similar regression coefficients with X10 (and for 
that matter similar regression coefficients in the fuel consumption 
equation) does not add to the strength of X10 as a parameter. Without 
access to the original data, the tolerance level of Xll with X10 or of 
X13 with X10 and Xll is not available but it is unlikely to be near 1 
in either case.
In Figure (4.8) a simple example is given to show that the 
explanation of variability need not be linked.
Vehicle A accelerates rapidly to a moderate speed; it continues at 
steady speed and then declerates rapidly to rest.
Vehicle B accelerates at a lower rate, but continues accelerating to a 
higher constant speed, which it maintains until decelerating at a low 
rate to rest.
Vehicle C completes four cycles of acceleration - steady speed - 
deceleration with different constant speeds on each occasion. It 
finally decelerates to rest.
The journey time T (that is XI0. ) and the journey distance D are the 
same in each case. The net journey acceleration, X16, in each case is 
equal to zero.
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Figure A.8 Diagram showing that X13 and X10 in 
Evans et al.(reference A.5a) need not be dependent.
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The "work done in acceleration" integral X 11, will be different in A 
and B but it is possible for B and C to be the same if the speeds 
reached by C are consistently lower than the speed of B. It is 
clearly also possible for X13 for vehicles B and C to be the same, or 
to be entirely different. X13 for vehicles A and B need not be the 
same, though if the definition of what rate of deceleration is chosen 
carefully, it is possible for them to be so, even though the total 
periods of deceleration are necessarily different.
Thus there is reason to suppose that very large variation in 
X13 can occur, totally unrelated to the journey time. This variation 
will cause the period of time that the engine is coasting and the 
period when it is braking to be different and the resulting fuel 
consumption to be different. It is therefore wrong to suggest that 
the addition of Xll and X13 to the expression for fuel consumption is 
related to inverse journey speed. (It is also surprising that the 
coefficients given the the paper as"regressions"
Eq.4.36
Eq.4.37
should be the same as the correlation coefficients given in Table 
(4.21) as 0.53 and 0.64. It is however quite likely that the X13 
variable is closely related to the driving techniques used by the 
drivers: it should not be justified by reference to X10. In a later 
paper Evans, Herman and Lam (4.5b) do discuss drivers and there are 
further criticisms to be made. In this second paper Evans et al. 
justify their choice of variables for explanation of fuel consumption 
by reference to a generalised form of the model suggested by Amman, 
Haverdink and Young (4.7) discussed in Chapter 3 (pagei^). From this 
the constant coefficient a is the coefficient of X10 and b is the 
coefficient for X13. Coefficient c is a constant multiplier of the 
work done to accelerate the vehicle (written in another form). This 
is a good explanation (or justification ) of the use of X10, Xll, and 
X13 used in their paper of two years earlier. Evans et al. go on to 
demonstrate that a may be equated to the idling consumption rate. In 
examining the multicollinearities of the independent variables, Evans 
et al. again refer to the relationships between X10, Xll, and X13 as 
follows:
Xll= 0.5312 X10 
and
V13= 0.6431 X10
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"For the physical reasons discussed above, the average trip 
time per unit distance is an appropriate predictor of fuel consumption 
per unit distance. In addition the other traffic dynamical variables 
that are important in determining fuel consumption are also correlated 
with the average trip time per unit distance. Hence the simple 
regression results. Of special interest are the relations between 
X10, Xll, and X13. The variable X13, which represents the portion of 
the distance that the vehicle was coasting, has its highest 
correlation with variables that involve speed namely, XI, X10, X14, 
and X15. The three variables Xll, X15, and X16 together give the best 
three variable regression for X13 yielding a multiple correlation of 
0.96. This indicates that the fraction of distance that the vehicle 
coasts is largely a function of the overall speed characteristics
which can be represented by X10." ....  " The variables Xll and X13
"are also highly correlated.(R = 0.62). Therefore Xll is also 
determined to some extent by the overall speed characteristics of a 
trip and hence, X10. Both Xll and X13 can be expressed as approximate 
linear functions of X10, as indeed can many of the other variables 
shown in table 5".
Akcelik has pointed out that there is no difference in the 
GM model between an journey of low cruise speed and no stops, and one 
with a higher cruise but with stops. The inverse travel time model 
cannot accommodate one other important aspect, which is whether the 
speed change cycle in a partial stop is a reduction of speed towards 
the optimum fuel consumption speed (i.e. the optimum speed is lower 
than the cruise speed) or whether it is away from it. The model would
always increase the fuel consumption with increased time. These
changes will obviously have different effects on the fuel consumption 
rates, not identified by Chang, Evans, Herman et al.
Another example is that a speed "hump" (a short period of 
increased speed, the opposite of a partial stop) would be considered 
as of equal effect, but of opposite sign, from the partial stop 
consumption. This is not the case as engine efficiency and 
aerodynamic drag will both be very different in each case.
The comment can also be made that the correlation X13 and 
Xll of 0.62 is not particularly high, and it would be surprising if
X13 were to be unrelated to trip length.
PAGE 139
Urban Consumption Models
Evans et al. then state, as a result of further study of 
cross correlations that X13, the amount of distance spent coasting, 
can be explained by a regression equation involving Xll, X15, and X16, 
and they note that the highest correlation of X13 is with XI, X10, X14 
and X15.From these two pieces of information they deduce
"This indicates that the fraction of distance that the vehicle coasts 
is largely a function of the overall speed characteristics which can 
be characterised by X10.
It is not clear why arbitrarily chosen start and finish 
points should affect the proportion of coasting so directly, when the 
elements of journey on which the data is based are of two mile 
lengths, nor why Xll and X15 should figure so largely in the 
explanation of proportion of coasting.
There appear some rather sweepng generalisations in the work 
that Evans et al. recommend for application. It may well be that in 
Detroit, or similar flat, gridiron cites with low traffic densities 
the journey time will be a sufficient fuel consumption 
descriptor.There are some doubts about a more general application of 
these findings.
4.8 General Urban Studies in Australia. Melbourne University
The Lumped Coefficient Model used by Watson and Milkins has 
been described in Chapter 3 and this is not repeated here. The work
done to assess the model is briefly described below.
Watson, Milkins and Marshall (4.8) have used instrumented
cars to calibrate their model in Melbourne. Unfortunately their field
work is based on long runs (more than 2km) on clearly defined routes. 
The results are valuable in so far as they demonstrate the likely 
relationship on such routes, but these do not simulate actual urban 
trips very closely. Watson , Milkins and Marshall report the
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applications they have made of the PKE lumped coefficient model in 
their 1979 paper (Reference 4.8a) and in later papers by Watson(4.8b), 
Watson(4.8c) and Watson and Milkins(4.8d). applications they have 
made of the PKE lumped coefficient model.
Using an Australian 4 litre Ford Cortina they obtained the 
results given below for three types of route. All the equations are 
in Litres per 100 km and speeds in kph:
For arterial roads (as UK all purpose trunk roads):
FC = 9.43 + 245/V R2 = 0.793 Eq.4.38
For Arterials with Computer linked signals:
FC = 5.97 + 320/V R2 = 0.871 Eq.4.39
For Freeways (UK motorways, or good dual carriageways)
FC = 2.42 + 380/V + 0.119V R2=0.62
Eq.4.40
The subdivision of these 2 km samples into shorter links 
gave a larger spread of speed conditions, and the Equation:
FC = -1.12 + 259/V = 0.08V + 1 2  PKE/ Eq.4.41
R2 =0.937
was derived.
The extremely high coefficient of determination should be 
noted. For the conditions in which it was derived the model provides
a very high explanation of the variance.
The advantage of the model proposed is that it can be
related to a) average speed measurements plus b) maximum and minimum
speed points on a journey record. From the latter the PKE term can be
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found and the standard tachograph can be used to record the journey.
The absence of any term to express either the number of
stops or the stopped time is important. It may well be that the
frequency of stops per km is uniform on the routes used in Melbourne
to calibrate the model. Certainly no mention of stops is included in 
any discussion of the model by the authors. The average speed term 
would account for stops of approximately constant length and 
frequency. But average speed and PKE would not always differentiate 
journeys with more short stops made from lower speed from journeys 
with fewer but longer stops made from higher speed. The average 
speeds and PKE could be the same, but the higher cruise speed and 
longer stopped time would increase the average fuel consumed in the 
second case.
There is some difficulty in practice in subdividing journeys 
as Watson, Milkins and Marshall have done, if the model is to be used 
to evaluate changes in the road or traffic situation. As has been 
mentioned above, kinetic energy increases happen downstream of any 
perturbation in the traffic flow, whereas the delay caused will 
largely accumulate upstream. The model has been calibrated using 
short lengths of the original 2 km roadway sections. As will be 
described in chapter 5 this procedure can be used legitimately for 
delay, but fuel may be consumed on one link when the cause of 
consumption is elsewhere in the upstream network.
Overall, the model is well related to theoretical 
consumption, and a gradient term could easily be added to take account 
of potential energy changes. Given the addition of a term for 
potential energy change and given that the number of stops and stopped 
time do not vary widely, then the Melbourne Lumped Coefficient Model 
fits the theoretical form required.
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4.9 General conclusion on Urban Models.
Despite the work at General Motors, and considering the 
limitations on Roth placed on his work, there must remain some doubt 
as to whether journey time is a sufficiently accurate and, above all, 
a sufficiently general predictor of urban fuel consumption to be used 
in present day traffic conditions. Because of the effect that signal 
control systems can have on traffic, and particularly in view of the 
ability to treat stops and delay differently, there would appear to be 
every need to devise a more sensitive and particular expression for 
urban consumption than simple journey time, or average speed 
functions. This may include variables more difficult to measure, but 
with present reducing electronic equipment costs and more 
sophisticated measuring and monitoring devices, methods involving 
numbers of stops or KE changes should not be discarded.
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5 CHAPTER 5 FUEL CONSUMPTION MEASUREMENTS IN COVENTRY
Summary
This Chapter examines the fuel consumption of a number of 
similar cars running over the urban road network in the city of 
Coventry. The work was part of an investigation by the Transport and 
Road Research Laboratory into the effectiveness of the SCOOT (5.1) 
Traffic Signal control system running in parts of the city. The data 
obtained was such that, with some additional data on the road system 
derived by the author, the fuel consumption could not only be related to 
the vehicle speed, but to details of its trajectory. As part of the 
study, a comparison is made of the SCOOT sytem against the TRANSYT 
sytem. The equipment used is described, and the results obtained are 
assessed. It is concluded that more complex models than that proposed 
by the General Motors investigators (5.2, 5.3) are needed to describe 
urban fuel consumption properly. The Statistical study provides a 
suitable model for routes where the topography is not too dissimilar to 
that found in the average U K city.
5.1 Introduction .
Urban networks are very inefficient at providing access for 
people and goods. Part of this inefficiency is to do with the network 
configuration, and part to do with the efficiency of junctions in 
handling conflicting movements. Accepting that the network and the 
junctions exist, an overall view of urban fuel consumption is valuable 
in so far as general predictions of consumption are required for 
assessment of transport facilities.
A number of stu4ies, (the more important have been reviewed 
in Chapter 3) have suggested models for urban consumption. Whether 
these models are appropriate for present U K  conditions, and whether 
they are sufficient for general use is here considered against some 
very detailed data obtained by the Transport and Road Research
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Laboratory. The explanation of variability in the data given by each 
model is included. An empirical expression for consumption is given 
based only on the distance, journey time and number of stops in a 
trip.
5.2 Background. -
It is easy to demonstrate that traffic on an urban network 
causes additional fuel consumption to each of the vehicles making up 
the traffic. The effect can be seen on Figures 5.1 and,5.2, replotted 
results from an undergraduate project by T W Anstis supervised by the 
author (5.4).
Figure 5.1 shows the fuel used on repeated runs on part of a 
loop of urban roads in Kingston. The route, shown on Figure 5.3, is 
divided into three sections, sections A and C being of 6.12 km and 
2.09km respectively, and being run on part of the major traffic system 
in Kingston. Section B is 4.35 km long and is run on minor roads, 
largely unaffected by traffic. Anstis drove a Peugeot 504 Family 
Estate with a 4 cylinder ohv engine of 1971cc repeatedly around the 
loop, recording journey time and fuel consumption for each of the 
three sections, and at the completion of each loop he recorded the 
traffic flow at point 1 at the start of the loop. The runs were made 
on one day (2.2.1979).
Fuel consumption was recorded using an MGA petrometer, 
recording in divisions of l/2000th gallon (about 2.27 cc). The 
equipment is exactly the same as that used by Everall (5.5) and is 
fully described in the reference. Distance was measured on a fifth 
wheel measuring attachment loaned by the Transport and Road Research 
Laboratory. It measured in increments of 0.5109 m and measured for 
distances over 100 m to better than 1 percent accuracy, and with very 
repeatable results.
Figure 5.1 shows the combined results for Routes A and C ; 
the fuel consumption and journey time are plotted for each trip made, 
and the traffic flow at point 0, 3 is shown, and is said by Anstis to
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be typical of traffic variation on the routes traversed. The effect 
of variation in traffic flow is clearly seen, both in the increase in 
journey time and the increase in fuel consumption.
Figure 5.2 shows the journey time and fuel consumption on 
section B on which very little traffic was observed. Very little 
variation in either fuel or journey time is seen, and such 
fluctuations as are present are not directly related one to another. 
However, this very broad evidence for time/fuel dependence cannot be 
used for general fuel consumption projections for urban areas.
During 1980/81 the author was fortunate to take his 
sabbatical leave at the TRRL and was given access to data that the 
TRRL Urban Networks Division had recorded in Coventry. The rest of 
this Chapter is concerned with this, and the results that the author 
has derived.
5.3 The Coventry Survey- Introduction
During June 1980 the Urban Networks Division of the TRRL 
undertook a detailed survey to compare the operation of urban traffic 
signal control systems. The survey ran for five weeks simultaneously 
in two areas of Coventry, with two-and-a-half weeks under each system. 
The first system could be equated to a "fixed time" system, running on 
timings derived by applying the TRANSYI optimisation method (5.6).
The second was the SCOOT system (5.1) which works on-line.
The aim of the Survey was to examine the benefits obtained 
from the SCOOT system over and above the TRANSYT optimisation; the 
SCOOT system was set up such that it attempted to minimise vehicle 
time in the network and thereby improve the average operating speed. 
The system was not set up to minimise fuel consumption: this point
needs to be emphasised, since any benefits in fuel reduction were to 
be expected from reduced journey times. It would be possible, by 
changing the weighting applied to stops and delays by the system to 
try to optimise fuel consumption, but this was not the approach used 
in this test. The number of stops, the kinetic energy changes, and
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the fuel consumption were recorded by survey vehicles, but were not 
the objective of the control system.
This said, it is often claimed that savings in journey times 
mean a saving in fuel consumption (References 5.7, 5.8, 5.9 for 
example) and as has been discussed earlier, much of the Research in 
the United States has been based on demonstrating the link between 
inverse jourey time amd fuel consumption. The author, with the 
invaluable help of R T Baker of the Urban Networks Division, took the 
data for fuel, time, stops, etc obtained during the survey, and 
investigated whether a general fuel consumption formula could be 
derived, and whether the data showed clear changes in fuel consumption 
under the two control systems, even though the objective in changing 
the control system had not been reduction fuel consumption. In order 
to familiarise himself with the data collection methods used and the 
equipment employed, the author was able to visit the sites in Coventry 
and duplicate many of the journeys made in the 1980 Survey. This 
suggested that the data collected by TRRL Urban Networks Division 
could be examined in three ways. In addition to testing whether the 
overall fuel consumption could be related to the route and the vehicle 
trajectory, and comparisons of a general nature between the two signal 
regimes operating during the tests, it might be possible to 
investigate the effect of different drivers on the results .
5.4 Data Collection - Definitions.
Before discussing the variables recorded it must be noted 
that the method of survey will affect the data recorded. It is 
important to ensure that when a term such as a stop or KE is used, it 
is clear what is meant.
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5.4.1 STOPS, STOPPED TIME, and NUMBERS OF STOPS
In the context of this survey, a "stop" was recorded when 
the vehicle moved less than 0.46 m in a second - that is, the 
distance recorder did not record. The "stop" was deemed to continue 
until a distance pulse was recorded. There are some problems with 
this simple definition.
First, a very slow movement would be recorded as a large 
number of stops and starts. In practice creeping forwards at less 
than half a metre a second does not appear very frequently on the 
output plots.
Second, the closing up of headways in a stopped queue 
leads to stops and starts for individual vehicles; the number of 
stops cannot therefore be related directly to the stopline 
behaviour. Thus, in a long queue the end vehicles could be expected 
to be stopped twice or more by the signals changing to red twice or 
more. The actual record from the survey vehicles cannot distinguish 
this from two short stops caused by closing up of headways.
There does not seem to be any way around this problem; it 
might be possible to use the event marker to record every change in 
signal but this presupposes that the signal head can always be seen 
from vehicles in queue. Any other interpretation leads to further 
difficulties. For example the definition could be altered so that 
two stops separated by less than, say, 5m should be regarded as the 
same stop. Apart from the analytical complexity this introduces (it 
requires forward scanning of the data before decisions are made) 
there seems no clear point at which two stops should be reduced to 
one.
The further point arises that fuel consumption is more 
likely to relate to the stops and starts - from whatever causes - 
than to some arbitrary combination of pseudostops. As kinetic 
energy losses are also being recorded (see below) the speed from 
which the stop was reached need not be recorded.
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A similar view was taken of stopped time. It would be 
possible to define stopped time as the time spent either stationary 
or at very low speeds. As there does not appear to be a clear speed 
at which to make a break, it is simpler to assume that no record of 
movement in a second on the data output is to be regarded as the 
stopped time,
5.4.2 KINETIC ENERGY CHANGES
Generally drivers in urban areas accelerate to some given 
speed on setting off and will attempt to regain that speed after 
every delay in the urban network. This "desired" speed may not be 
constant on a journey. The speed limit on a particular route will 
affect the desired speed, and there may be other factors such as the 
overall journey length or the delays already suffered which will 
affect it.
Given that there are delays and desired speeds in urban 
areas, then fuel will be expended in overcoming the loss in kinetic 
energy. As has been discussed in Chapter 3, the obvious model to 
use is that of predicting fuel consumption from measurements of the 
KE gains recorded on a journey.
The main disadvantage in using positive kinetic energy 
gains as a parameter in traffic management is that they are not 
easily related to the events that occur on the road leading to the 
consumption of fuel.
On the road system, reduction in speed, and therefore 
losses in kinetic energy , are directly attributable to particular 
events. Thus, one vehicle may be slowed by another vehicle entering 
from a side road , or as a result of a sharp curve, or it may be 
brought to rest at the back of a queue of vehicles. In each case 
some excess fuel will be needed to accelerate the vehicle to its 
previous cruise Speed. The importance of the previous cruise speed 
is emphasised. The excess fuel that can be attributed to any 
particular event relates to this loss of KE. Regaining of kinetic
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energy subsequent to the event may not be relevant since the gain 
may be carried out on a different road in different operating 
conditions.
There are other characteristics which make it desirable to 
use KE losses. Clearly on a complete journey the sum of KE gains 
and losses will be equal. However, often it will be important to 
subdivide a journey into shorter lengths. These will often be 
sections of road (links) betwen intersections, for which data such 
as speed, travel time, stopped time etc. will have been collected. 
In many cases a gain in KE will occur on the link downstream from 
the link on which an event has occurred.
This is particularly relevant in the evaluation of 
junction design. Consider a signal controlled intersection at the 
downstream end of a link. Journey time, traffic delays, and KE loss 
on the link will be related to the flow on the link, and indeed 
subsequent calculations may be dependent on flow - weighting the 
data. The KE loss will occur on the appropriate link (i.e. 
upstream of the intersection where the delay is caused) but the gain 
in KE will only occur after the vehicles have traversed the 
intersection. Indeed the operating speed on the downstream link (or 
links where there is more than one ) may be entirely different from 
the upstream link. Merely transferring the downstream gain in KE 
back to the previous link would therefore be totally inappropriate 
if not irrelevant. For the present work therefore negative KE has 
been chosen as the appropriate parameter.
The remaining problem to be considered is that the excess 
fuel consumption associated with the event causing delay will appear 
during one of the subsequent periods during which KE is regained. 
Thus, a vehicle initially travelling at 60 kph may be slowed to 50 
kph on a curve, and then subsequently slowed to 20 kph before 
entering a roundabout. On leaving the roundabout fuel will be 
consumed as it accelerates to the operating speed of the exit road, 
say 120 kph. The excess fuel consumed during the acceleration phase 
should properly be subdivided and allocated in three parts. Some 
should be transferred back to the curve and some to the roundabout, 
and some only considered at a restriction later in the system where 
the operating speed is again reduced.
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5.4.3 Correction of Kinetic Energy losses for Hunting
With any recording system using discrete distance and time 
pulses, KE is estimated from the distance pulses recorded each 
second. The change in KE loss is added to the cumulative total if 
the change recorded is not due to "hunting". Hunting in this case 
is a function of the equipment and recording method and is due to 
the nature of the recording of distance and time. The actual number 
of distance units recorded in one particular second may vary by 
chance by one unit; if in a sequence of three seconds the distance 
recorded in the third second is less by one unit than that recorded 
in the immediately preceding second then this may represent a real 
loss of KE or be due to hunting; a check is then made of the 
distance value recorded in the antipenultimate second. If this 
value shows one unit less distance recorded than in the penultimate 
second then the change is taken to be due to hunting of the 
equipment and no loss of KE is accumulated.
Thus the apparent loss in KE in Fig (5.4a) would not be 
included, and nor would the real loss in between X and Y in (5.4b). 
However, if the changes on either side of the peak were to be a 
change of two units, the peak change would be recorded as a KE 
change. The hunting shown in (5.4c) would be recorded as KE; here 
the cycle has two seconds at the higher speed and one at the lower, 
and hunting is not recorded. The actual loss in figure (5.4d) would 
be correctly recorded and accumulated. The kinetic energy loss is 
totalled for a complete run of the vehicle tape, and subtotalled 
between event markers (timing points.)
It is apparent that in trying to eliminate the hunting 
effects, a small error, due to elimination of real KE and the 
addition of some spurious KE from the hunting effects, will 
accumulate. The extent of this error has been studied.
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5.4.4 Checks on Kinetic Energy corrections
A number of runs were made in January 1981 over the 
Coventry Survey routes described below, but this time with a video 
camera recording the view through the windscreen of the car. (For 
further discussion of this technique, see Chapter 8).
With the video recording, and the sound track from the 
video, it was possible to identify each .speed variation and 
attribute it to the activity which caused it. Small variations from 
steady speed which had no ascertainable cause were provisionally 
identified as hunting. Evaluations were then made of the KE 
recorded on the computer output, the hunting on the tape which was 
recorded as KE loss, and the peak speed changes which would be 
disregarded by the computer as hunting, but which were in fact 
genuine KE losses. The detailed scrutiny of the output (described 
fully below, Section 5.6.2 et seq.) revealed that the error on 
three typical urban runs was as follows :
ROUTE Number 00 01 03
Length of Route in km 7.61 6.77 8.84
Total KE loss (computed) 3563 3682 4467
Total hunting changes
correctly eliminated 210 83 138
KE wrongly eliminated 44 10 45
Hunting wrongly included 23 25 69
difference 21 -14 -24
percent error 0.6 -0.4 -0.5
If there were no compensating errors a maximum error of
1.5 percent would have been recorded, but it is unlikely that a run 
would only contain errors of one type rather than the other.
The error that would have accumulated if no correction for
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hunting had been included would be almost an order of magnitude 
larger (5.8, 2.2, 3.1 percent respectively) than the actual errors 
using a correction.
5.5 Equipment used
The equipment used both in the Coventry Survey and in other 
work reported in this thesis has been fully described by Baker (5.10). 
The information below is a summary of this, but is amplified in one or 
two areas.
5.5.1 Instrumented cars
At the time of the Survey the Urban Networks Survey fleet 
was five Wolseley Six saloons. The cars were fitted with six 
cylinder twin carburettor engines of 2.2 litres capacity, developing 
110 bhp (about 80kW). The unladen weight was 1024 kg, and they were 
equipped with three speed automatic transmission, and power 
steering. Each vehicle had a distance counter connected to the 
speedometer cable outlet point, recording a pulse every 0.46m. Each 
vehicle ran with a driver and observer. Both were members of the 
TRRL staff, and were generally familiar with the vehicle and its 
equipment. (For further discussion of the drivers, see section 
5.8.5 below). Each day of the survey the cars were run to warm the 
engine before commencing the survey; this could usually be achieved 
by driving to the start of the route and keeping the engine running 
before the appointed start time on the first route run in a 
particular Survey period.
Robertson et al (Reference 5.9) describe how these 
vehicles can be used to approximate fuel consumption in urban areas 
from the vehicle fleet.
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5.5.2 Data measuring Equipment.
The cars were fitted with TRRL designed electronic 
journey-time measuring equipment recording fuel and journey 
information on magnetic tapes cassettes. The equipment is operated 
from a control panel built into the car dashboard (see Figure 5.5). 
The equipment records the number of distance and fuel pulses 
received from the sensing equipment, and also records to the nearest 
second any "event markers" inserted by the observer closing a reed 
switch. These event markers are all identical, and are usually used 
to record the passage of the test car past some known point on the 
road. They have also been used to mark the start or finish of an 
event occurring along the route.
The magnetic tape cassettes are analysed on a Texas 
Instruments Ltd model 960A mini computer via a Penny and Giles tape 
reader.
5.5.3 Fuel meter
The fuel meters used were Transflo Type TF101B. (See 
Figure 5.6). This meter has four radial pistons connected to an 
eccentric vertical crankshaft to which is connected a counting 
mechanism by a magnetic coupling. Each piston moves in a chamber 
fitted with inlet and outlet ducts such that the pistons are moved 
in turn by the pressure differences on the fuel line ahead and 
behind the meter. Each piston displaces 1 ml, and the passage of 
fuel is recorded on a bidirectional pulse generator and an output 
pulse is produced for each ml. The fuel consumed is displayed 
digitally on the dashboard, by the operation of a bulb which allows 
the observer sufficient information to monitor the general fuel 
flow, though the speed of operation does not allow the magnetic 
output to be checked except at very low consumption conditions.
Baker (5.10) reports that the meter, when operating
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correctly, gave the most reliable results of the meters tested by 
Urban Networks Division, particularly at low volumes. Prior to 
installation in the boot of the test cars close to the fuel pump, 
the meters were calibrated on the bench and were shown to be within 
+-2 percent of direct readings of a burette. The flow rates were 
measured over the range of between one and thirty litres per hour. 
Figure 5.8 shows the calibration curve for one of the meters.
Fuel consumption at low consumption rates are important in 
urban fuel consumption studies, and Baker reports the results of 20 
minute tests in which measured volumes of fuel were fed by gravity 
to the carburettors using a burette. The average idling consumption 
rate obtained was approximately 1.5 1/hour, and the meters were seen 
to be able to measure at this flow rate to within +-2 percent, and 
that the meters were suitable for the tests. During the survey in 
Coventry the meters generally performed well for 200 hours each, 
with some maintenance required on site. Some loss of data occurred 
apparently as a result of pistons seizing. The fault was quickly 
cured by disconnecting the fuel line and spraying lubricant into the 
fuel inlet. The cars were fitted with a bypass switch to the meter 
so that the journey time measurements could continue if the meter 
seized during data collection. The cause of seizure was identified 
as being from fine particles of rust being carried from the fuel 
tank along the fuel line.
Subsequent to the use of the meters for the Coventry 
survey, some doubt was cast on the accuracy of the meters, and they 
were recalibrated by J P S Engineering of Solihull. The test 
results are given in Appendix 5.1 for the six meters used.
Generally the results lie within the +-2 percent expected, though at 
very low flow rates (0.7 litre per hour) meter UN 1 underestimates 
by 2.5 percent. Meter UN 4 underestimates at up to 4.5 percent at 
0.7 litres and up to 3 percent at higher flow rates. The consistent 
underestimate on UN 4 would suggest some wear in this meter. Other 
meters were within the expected variability.
Thus while one of the meters was later found to be subject 
to underestimating slightly, their general performance can be seen 
to be very satisfactory ; errors in reading of generally under 2 
percent are well within the level of accuracy required for the
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survey work undertaken. It is not clear whether UN 4 was 
underestimating during the Coventry tests, or became less reliable 
subsequently. The influence of this wear on the overall results is 
thought to be small.
5.6 Survey Techniques and Detailed Procedure.
5.6.1 Areas and Routes
Sixteen routes were traversed in inner and suburban 
Coventry, through two distinct areas. The routes were traversed 
once in each survey period (morning and evening peak, and morning 
and afternoon off-peak); the daily routine was repeated each 
weekday for 5 weeks. The next sections describe the areas and 
routes covered by the survey. The routes and signal installations 
surveyed are shown on Figure 5.9.
5.6.2 Area 1: Foleshill Road.
Foleshill Road is an important radial route 
running into Coventry from the NNE (Figure 5.9). During 
the peak hour it is heavily loaded, and has in the section 
studied six signalised intersections and two Pelican 
pedestrian crossings. Two signals on Lockhurst Lane were 
also included in the survey. The routes driven were 
designed to traverse each of the signal intersections so 
that all the movements at each intersection were recorded 
at least once. For all the heavily loaded movements the 
test vehicles passed through three times.
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5.6.3 Area 2: Spon End.
The area known as Spon End lies to the West of 
the city centre and includes some industrial development, 
but it is mainly a less densely populated residential 
area. It extends from the northern side of Holyhead Road 
southwards in an arc of about one mile radius to Albany 
Road. The area includes 15 signal installations, four of 
them being Pelican Crossings (one of these is an offset 
arrangement).
The two survey areas can both be reached from the 
northwestern part of the Coventry Inner-Ring Road.
The roads traversed are shown in yellow on Figure 5.9 and 
the signal positions are ringed in red.
5.6.4 Routes
Each of the sixteen routes used by the survey cars is 
shown in Appendix 5.2. They are numbered 00-09 and 0A-0F. As the 
plotting of the route obliterates the roadnames in the Appendix and 
the scale is small the actual roads can be identified on Figure 5.9.
When each route is driven, the route map is attached to 
the dashboard, and a log sheet is used so that the observer can 
easily folow the route, and can push the timing point button at the 
appropriate points. A sample log sheet is given in Table 5.1.
It is evident from examination of the routes that they do 
not follow the sort of path followed on a normal journey made by an 
individual driver. The routes were chosen so that each signal 
approach was passed through a certain number of times. They were 
also influenced by the need to pass through another intersection
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Town COVEHTRT________  JOlTOfBf TIME SURVEY Route A Red
Date  .....  Driver................. Vehicle V Vo........ Start tine..
Day.................. . Observer..............  Car Vo....JTE Vo.... Finish tine.
V'eather.. ....  Plan................ . Week Mo............. Journey tine,
' '. Select Run Humber 0 0  filter Main Program
s Timing Point Turn Intersection Renarks
In Holbrook Lane heading South
i
(441 Opp Bldg Line Jackson Rd START
344 Opp Stop Line Burnaby Rd 1
342 Opp Stop Line Pelican Crossing 2
315 Exit Stop Line B Foleshill Rd 3
313 Opp Stop Line Pelican Crossing 4
312 Exit Stop Line L Eagle St 5
R Russell St
R Howard St (not marked)
[112) 1 1 Sign L < Harnell Lane West 6
311 Exit Stop Line R Foleshill Rd 7
312 Opp Stop Line Eagle St 8 . .
313 Opp Stop Line Pelican Crossing 9
315 Oivo-wey Line L Lockhurst Lane 10
342 Opp Stop Line Pelican Crossing 11
R Horthey Rd
524) Opp Bldg Line Station St West 12
352 Opp Stop Line Foleshill Rd 13
R Princess St
R Broad St
Route A Red_______  Page 2
S Timing Point Turn Intersection Remarks
(162) Opp Bldg Line Webster St 14
316 Exit Stop Line b Foleshill Rd 15
315 Exit Stop Line R Lockhurst Lane 16
342 Opp Stop Line Pelican Crossing 17
344 Exit Stop Line L Burnaby Rd 18 fiiD
When equipment is MOT writing; EXIT MA.IK PROCRAM
Table 5.1 Journey Tine Survey Log Route 00
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without too large a diversion after a first intersection. The 
routes thus contain loops and repetitions.
The author would contend that despite initial appearances, 
the routes actually typify urban trips quite well. Further, the 
routes are better for assessing the effect of changing the signal 
system than would routes which ran only along the main roads. These 
two points can be elaborated as follows:
5.6.5 Routes as typical urban movements
Each route can be considered as a combination of a number 
of elements, each one representing a trip.
The average trip length in any city the-size of Coventry 
is unlikely to exceed 4 km - principally because most of the major 
trip attractions are within this distance of most residential areas. 
Even in large cities the average distances are not very much 
greater.
(For example, the average work trip in the 
Greater London Traffic Study area was reported as 16.3 
minutes - about 8 km. This is for all interzonal 
movements. The SD was 11.7km and the total number 1.45 
million basic journey trips. All other journey purposes 
have shorter mean times, down to 11 minutes for shopping - 
say 5km length. (See reference 5.11).)
The routes shown in the Appendix 5.2 are at least 7 km 
long, and up to 13 km long. Each route can be subdivided into 
sections of between 1km and 3km and each subdivision represent a 
trip. These subdivisions can easily be made such that they appear 
to traverse from an origin where a minor road joins the main road 
system to a destination where a minor road leaves the system.
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5.6.6 Quality of Assessment
Most traffic does not enter at one end of a long route and 
continue to its end. This survey assesses movements on and off as 
well as along the major route.
In the past surveys of time savings have been carried out 
by TRRL using the sort of survey routes described here. Others have 
surveyed only the main route (Reference 5.12). Any revision of 
signal timings to improve the main route will automatically increase 
delays on the side roads. If these are not surveyed, then the wrong 
optimum will almost certainly be used as the best signal setting and 
it will not minimise delays.
The method used here - to pass through the signals at least 
once in every direction and for every turn, and to repeat the more 
heavily trafficked movements in proportion to the traffic load - 
provides a basic unit of assessment for the system. When this is 
repeated four times each day for two and a half weeks, sufficient 
data for a reasonably representative assessment can be obtained.
Thus the system, whilst appearing to be unrepresentative 
and inappropriate, is in fact able to produce fuel consumption 
figures which genuinely reflect urban travel.
5.6.7 Survey Procedure
To avoid a particular driver or vehicle leading to bias in 
the results, the routes were systematically distributed amongst the 
various cars and drivers. The one exception to this was that one 
driver and vehicle followed the same sequence of routes for one week 
under each signal regime, thus giving the possibility of a reasonable 
comparison between regimes for the whole network without the 
influence of driver and car as variables.
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(Even so, the routes of this particular driver were 
systematically altered, with the objective of cycling the car and 
driver through all the routes with the minimum of dead mileage 
between routes.)
Five test cars were used for the experiment fitted with the 
equipment described above. In addition, details of vehicle flows 
were recorded on all the roads links controlled by signals included 
in the control system.
Each of the sixteen routes was run over by one or other of 
the test cars each day in each morning and evening peak period, and 
in each morning and afternoon off peak period. The fuel study below 
used two weeks of data: the week commencing Monday 2nd June 1980 was
operated using the fixed time signal control, and the week commencing 
Monday 9th June 1980 was surveyed under the SCOOT signal control 
system. There are therefore
16 routes x 5 days x 4 periods x 2 weeks =640 runs
Each run is of between 6 and 14 km long and the survey data 
includes about 5750 km of recording.
5.7 Analysis
Preliminary analysis of the TRRL data has been carried out on 
a Texas 960A computer. The basic data measured are 
Increments of distance of 0.46m
Increments of time of Is.
Increments of fuel consumption of 1 ml.
Ordinal counts of the marker or ”timing points"
The recording equipment provides totals of distance for each second,
and also records to the nearest second the pressing of a reed switch
which marks the timing points. In addition the day, date, time, and 
run number are input and recorded at the start of each tape and are 
read off and recorded by the Texas 960A.
Two types of processing are then carried out:
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First, the tapes can be assesed against a known register of 
information on a particular route;
Second, the raw data can be presented in various derivatives 
from the data. These two processes are outlined below.
5.7.1 Tape assessment versus known route data.
If there were no possibility of driver or machine error, 
this process could be largely dispensed with. However, the routes 
traversed require the observer to record the moment of.passage of the 
vehicle past various points and for the driver to drive in a totally 
consistent path. Neither of these can be relied on one hundred 
percent, and the equipment may malfunction in one way or another.
The Coventry Survey tapes were therefore compared with a 
catalogue of expected distances between timing points derived from 
preliminary survey data. If the expected distances were grossly at 
odds with the recorded data, the tape is rejected. If the data is 
generally correct, but has, say, one timing point missing, then the 
pattern of timing points will be recognised, and a missing timing 
point will be interpolated and inserted by the computer.
(As will be shown later, the distance record was very 
reliable, and little opportunity was presented for the computer to 
interpolate incorrectly). This allows data which would otherwise be 
discarded to be included as acceptable data.
5.7.2 Data manipulation from tape
Once the tape has been reviewed and has been found 
compatible with the expected route the data can be developed and 
presented in a useful form. The tapes used by the author were 
processed on the Texas 960A and then output in two forms: a summary
of the data, and a distance/time graph. Each of these is discussed
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below.
5.7.3 Output Data Summaries.
By reviewing the data summaries of useful parameters can be
presented, and the type used for this assessment of the Coventry data
is given in Table (5.2) The column heading abbreviations are as
follows:
RUN The route number
TP NO The timing point marker at the END of the
current section of route. Thus data 
recorded on the same line as TP1 
would be a summary of all information 
between the start point and TP 1.
DIST MTRS The distance in m from the START of run.
JT SEC The journey time from the last TP.
SPEED KMIO/H Ten times the average speed in kph
since last TP.
STSEC Accumulated stopped time since last TP.
STOPS NO Number of stops as defined above since
last TP.
KE MM/SS Kinetic energy loss in m squared per
second squared per unit mass since the last TP. 
(strictly this is specific KE, but is 
referred to as KE hereafter)
PETROL CCS Fuel used in cc since last TP.
PFLOW 10L/H Fuel consumption rate times ten in litres
PAGE 174
3  z  o  O' o  n  ro o  h  ro f-i o  ^  'O o  o  s” w  o  o  o  n
O  Ns "T in S* 'O fO ?0 *0 'O in m  m  M" ©  in rO M" '0 M" "T U1 'O 
- J  - I  
U- O  
CL *-«
©
££ 00 
J- U  
IiJ o  
£L
O N vO rH CD ro Ii") 111 C-i o ^  O' O 'T CO Ii") O W O' O 03
cm th rs w  ir> s* ro m  co cm cs ro rs cm ■** 04 *-« >r y-* m  so
to rs o  iiT 30 H  C-l O' 00 m  0^  N  JO CD n  M  ?0 O  w  IS
co T-t rs o  ro bo ro m  c-i O' 04 ©  rs m  j> m  O' O' o  ro o  
jjj \  ro cm vr cm Cvi *■« ro *-< 04*-• cm cm co oj cm cm
0) T-H-r-iT-iOtHOOOCDT-iT-iT-iO O  O  O  O  O  O  n-i
Cl
©  o  
«- rz 
co
O O b O O C V O O O O O O C O O O O ' C O O O O v r  
r-t 04
«- o
CO UJ
to
© x o ■*-« O' in O' ■«-« md m © o rs © 04 is w >r in o © 'r in 
iii \ a* cm 'C fH so 04 'T is cm m xr O' in O' © ro oi ro >r 04 cm
u j o - r - i ' r 0 4 ' r C M ' r r o s * ' r C M f O T - i i n i n > r C M m ' T ' r ' r o 4
c l  ■»■* 
co c
co co bo o  in *0 »-< or m  o  m  'r O' rs t-i <»■< po rs rs >o 'r 
■th rs in O' in >r or ro uo cm >o ro cm or o  sj ro *«h ro uo
Y- O  w
”5 LU 
CO
>-coropoo4 0POO'rso4 0 D ' t M f o o r O 'o r s ' r r s r o o 4 i n  
coo:o>rtO''T'rrsrsv-i'Ocoo4CMisino4CDO'T'roro 
i-ij-'rtoro'rcoroinO'ors'T'OOfO'Ooroj'OCOT-iv 
©  C  -ri <»-i 04 CM tO PO 'T 'T 'T W  W  MJ "O "0 IS ©  ©  ©  (N ON
u.©-»-«04ro>rin'ors©0'0»-<CMfO'rin'ors©0'0
J— 21 ■rl rH rH irl rH t-( rH iH H  CM CM
PAGE 175
Ta
bl
e 
5.
2 
Ty
pi
ca
l 
Su
mm
ar
y 
ta
bl
e 
fr
om
 
In
te
rm
ed
ia
te
 
ou
tp
ut
 
- 
Co
ve
nt
ry
 
Su
rv
ey
.
Urban consumption in Coventry
per hour averaged since last TP.
From these and data for each run the tables shown in Appendix (5.3) 
were drawn up. It can be seen that simple multiples and combined 
factors have also been derived. These are discussed further in 
section (5.8) below.
5.7.4 Distance/Fuel/Time graphs.
Examples of the distance/fuel/time graphs are shown in 
Figures (5.10), (5.11) and (5.12).
The first graph shows deceleration from about 36 kph (22 
units) to rest at a queue for a traffic signal. After one stop 
lasting 8 seconds, the test vehicle accelerates to about 60 kph (36 
units). It passes through a junction and Timing Point 12 (TP 12) is 
recorded during the acceleration. At this timing point a summary of 
the then current situation is printed out. On reaching the cruise 
speed (at which the equipment "hunts" once) it is slowed slightly 
before passing the next timing point (another traffic signal at which 
the vehicle does not queue.)
Between TP 12 and TP 13 the summary shows there is 447 m, 
and the cumulative distance is 6070m at TP 13. The transit time 
between TP 12 and TP 13 was 29 seconds, with no stopped time. 70 cc 
of fuel were consumed, over half of this being associated with the 
acceleration. The total fuel consumed since the start of the run was 
866cc.
Figure 5.11 shows the survey vehicle moving slowly forwards 
in a queue, and then accelerating through timing point 3. It can be 
seen that most of the acceleration and most of the associated 
consumption occurs on the downstream link.
The third graph, Figure (5.12) shows a deceleration to the 
rear of a queue. The vehicle is brought to rest for 2 seconds, but 
the driver then moves forwards about 2 m before stopping again for a
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Distance units (0.46m appx) Fuel consumption (cc)
2 2  i i m H O H m n m m
2 0  a a a a a a a a a a a a a a a a a a a a  K
I B  a a a a a a a a a a a a . a a a a a a  «
14 a a a a a a a a a a a a a a  .
12 «
7  a a a a a a a
4 a a a a
1 «
l  a
0  a
0  
0  
0
0  a
0  a
0 «
0
3  a a a
7  a a a a a a a  a
11  a a a a a a a a a a a  aa
14 a a a a a a a a a a a a a a  a a a a
1 7  a a a a a a a a a a a a a X X X a  • «
2 0  a a a a a a a a a a a a a a a a a a a a  ' X X XXa22 XXaaaaaaaaaaaaaaaaaaaa aaaa
2 3  a a a a a a a a a a a a a a a a a a a a a a a  a a a
1 2  2 0 1  5 6 2 3  3 4  8  3 9  7 9 6
26  a a a a a a X a a a a a a a a a a a a a a a a a a X  * * «
2 7  a a a a a a a a a a a a a a a a a a a a a a a a a a a  « « «
29  a a a a a a a a a a a a a a a K K a a K a a x K a a K K *  x k k h
3 0  . a a a a x a a x a a a a a a a a x a x x a a x a a a a x x a  * » «
3 2  • a a x a a a a x x x a a a x K a a x x a a a a a a a x x a a x  « « « «
3 2  a x x a a x a a a K a a a a x x K a a x a x a x x a a a x K * *  a a a
3 3  a a a a x a a x a a a a a , a x a a a a a a a a a a x a a a a a a a  a a a
3 4  a a a a a a a a a a a a a a a a a x x a a a a a a a a x a a a a a x  a x x
3 5  a a a a a a a a a a x a a a a a a a a a a a x a a x a a x a x a a a a -  a a a
3 5  a a a a a a x a a a a a a a a a a a x a a a a a a a a a a a . a a a a a  a a a
3 6  a a a a x a x x a x a a x a x a x x K a x a a x x x x x x a x a a x x a  a a a .
3 6  a a a a a a x a a x a a a a K a x x a a a x a a a a a x x a x a x a x a  a a a
3 6  a a a a a a x a a x a a a a a a a a a a a a a a a a a a x ' a a a x a a a  a a a
3 7  a x x a a a x K a x a x a a a a a a x a x a a x a a a x a a x a a a a a a  a a
3 6  a a a a a a a a a a a a a a a a a a a a a a a a a a a a x a a a a a a a  a a a
3 6  a a a a a a x a a a a a a x a a x a x a a a a x a a x x x a x a a a x x  x a
3 6  a x K a a a a a a a a x a a a a a x a x a a a x x a a x a x a x a a a a  a a
35  a x a a a a a a a a a a a a a a x x x a x a a a x a a x a x x a a a a  aa
3 5  a a x a a x x x x K x a a a x x a x x x K K X x a a x x a x x x x a x  a a
3 5  a x a a x a a a x a x a x x a a x x x a a a x a x x x a x x a a a a a  a
34 a a x a a a x a x a a a x a a x a a x a a a a x a a , a a x a a x a a  a a a
3 4  a a a a a a a a a a a a a a a x a a a a x x a a a a a a a a a a a a  a
3 4  a a a a a x a a a a a a a a a a a a a a a a a a a a a a a a a a a x  a
3 4  a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a x  a a
3 3  a a a a a a a a a a a a a a a a x a a a a a a a a a a a a a a a a  a a
3 3  a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a  a
3 3  a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a  a
3 4  a a a a a a a a a a a a a a a x a a a a a a a x a a a a a a a a a a  a a
3 4  a x a a a a a a a a a a x a a a a a a a a a a a a a a a a a a a a a  a a
13 4 4 7  6 0 7 0  2 9  0  7 0  8 6 6  ’
3 5  a a a a a a a a a a a a a a a a a a a x a a a a a a a a a a a a a a a  a a a
3 6  a a a a a a a a a a a a a a a x a a a a a a a a a a a a a a a a a a a a  a a
3 5  x a a a a a a a x x a a a a a a a a a a a a a a a a a a a a a a a a a  a a
3 6  a a a x a a a x a a a a a a a a a a a x a a a a a a a a a x a a a a a a  aa
Fig 5 10
Distance units (0«46m appx) Fuel consumption (cc)
■ • a aaa ■
■ 3 aaa . . .
4 aaaa a
3 aaa a
4 aaaa
3 ' aaa
4 aaaa
3 aaa . - v
4 aaaa a
7 aaxaaaa
9 aaaaaaaax a
11 aaaaaaaxaaa aa
13 axaxaaaxaaaaa «**
3 379 1393 55 5 76 213
16 aaaaaaaaxaaaaaxa **
19aaaaaaaaaaaaxaaaaaa aaa
21 aaaaaxaaaaaaaaaaaaaaa aaaa
23 aaaaaaaaaaaaaaaaaaaaaax aaa
25 aaaaaxxaaxaaxaaaaaaaaxaaa aaa
27 aaaxxaxaaxaxaaaaaaaaxaaaaaa aaa
28 aaaaaaaaaaaaaaaaxaaaaaaaaaaa . aaaa
29 aaaaaaaaaaaaaaaaaaaaaaaaaaaaa aaa .
31 aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa aaa
31 aaaaaaaaaaaaaaaaaaaaaaaaaaaaaax aa
32 aaaaaaaaaaaxaaaaxaaaaaxaaaaaaaaa aaa
33 aaaaaaaxaaaaaaaaaaaaaaaaaaaaaaaaa aa
34 aaaaaaaaaaaaaxaaaaaaaaaaaaaxaaaaaa aa
34 aaaaaxaaaaaaaaaaaaaaaaaaaaaa aaaaaa aaa
34 aaaaaaaaaaaaaaaaaaaaaaaaaaaaxaaaaa aa
34 aaaaaxaaaaaaaaaaaaaaaaaaaaaaaaaaaa a
34 aaaaxaaaaaxaaxaaaaaaaaaaaaaaaaaaaa aa
Fig 5 11
Figures 5.10 and 5.11 . Examples of Time/Distance/Fuel intermediate output.
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Distance units (0«46m appx) Fuel consumption (cc)
3 0  H U H H H i M i i u i m m i
2 0  a a a a a a a a a a a a a a a a a a a a a a a a  
2 6  a a a a a a a a a a a a a a a a a a a a a a a *  
2 3  a a a a a a a a a a a a a a a a a a a a a a a
21 t l H H H H t U O I I i l O  
1 8  - a a a a a a a R a a a a a a a a a a
1 7  a a a a a a a a a a a a a a a a a  
16 a a a a a a a a a a a a a a  
1 2  a a a a a a a a a a a a  
12  a a a a a a a a a a a a  
1 0  a a a a a a a a a a  
1 0  a a a a a a a a a a  
7  a a a a a a a  
7  a a a a a a a  
6 a a a a  
3  a a a  
la 
la 
0  
0la la 
1 a 
l a
0
0
l a  
I •
3  a a a  
S a a a a a  
a a a a a a  
a a a a a a  
a a a a
6
6
6
2 
1 
0 0 
0 
0 
0 
0 
0 0 
0 
0 0 
0 
0 0 
0 0 0 
0 0 0 
0 
0 
3 
• 5
e
9
10
12
16
18
20
23
16
26
27
27
31
33
33
35
36 
35
35
36
35
36
36
37
36
37 
37 
36
36
37 
37
a a D  = 3 6  
T  -  3 9  
F C = 2 1
26
a a a  
a a a a a  
a a a a a a a a  
a a a a a a a a a  
a a a a a a a a a a
K X X X X X X X X X X X  
X X X X X X X X X X X X X X  
X X X X X X X X X X X X X X X X X X  
x x x x x x x x x x x x x x x x x x x x
X X X X X X X X X X X X X X X X X X X X X X f f
660 7287 101
X X X X X X X X X X X X K K X X K K X K X X K X X X  
X X X X X X X X X X X X X X X X X X K X X X X X X X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
X X X X X X X X X K X X X X X X X X X X X X X K X X X X X X X  
X X X X X X X X X X X X X X X X X X X X X K X X X X X X X X X X X
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X K X X X X K X X X X X K X X X X X X
X X X X K X X X X X X X X X X X X X X X X X X X X K X X X X X X X X X
X X X X X X X X X X X X X X X X X X X K X X X X X X X X X X X X X X X
X K X X X X X X X X X X X X X X X X X X X K X X X X X X X X X X X X X X
K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
X X X X X X X X X X X X X X X X K X X X X X X X X X X X X X X X X X X X
s x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  . 
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X K X X X
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
X X X X X X X X X X X X X X X X X X X X X X X X X X X X K X X X X X X X
X X X X X K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x .
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
D -  3 6  
T =  1 
F C  z 2
X X X
x x x x
X X X
xxxx
x xxx
X X X
X X X
X X X
X X X
X X X
F i g  5 1 2
Figure 5.12 Example of Time /Distance/Fuel intermediate output.
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further 2 seconds. After this the vehicle moves forwards at low 
speed, but then waits again ( in fact, for the next phase change of 
the signals.) The vehicle is stationary for a further 22 seconds 
before accelerating through the intersection, where TP 16 is 
recorded. In all 26 seconds were spent stationary, and the summary 
table records 3 stops as having occurred between TP 15 and TP 16.
The first impression of the consumption during queueing is 
that it is low; but the graph indicates that in moving 36 units 
(about 17m) during queue the vehicle used 21 cc in 39 seconds: in 
moving the same distance at the operating speed on the downstream 
link, the vehicle moved 36 units in 1 second (about 61 kph) and used 
2 cc, less than a tenth of the total for the same distance in the 
queue. •
These distance/fuel/time graphs were useful in checking 
that the data recorded was acceptable. It is entirely possible to 
have a section between timing points at which the fuel meter may not 
have run properly, or some other discontinuity may have appeared and 
the graphs are a useful intermediate stage in the analysis programme. 
The distance/fuel/time graphs were not used further in this survey, 
but for discussion of their use in roundabout studies see Chapter 7.
5.7.5 Other route data collected.
In addition to the survey data collected by the 
instrumented cars, details of the vehicle trajectory were needed to 
assess the effects in urban conditions of route geometry on fuel 
consumption. In general the information was obtained from the 1:1250 
Ordnance Survey of Coventry, but where this was not up to date 
recourse was made to the Coventry City archives. The help of the 
City Engineering and Planning staff is gratefully acknowledged. The 
definitions of the vehicles used to describe the trajectory are:-
RISE
This is the sum of all increases in height driven over by the 
vehicle between the start and finish points. Clearly this will
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in part be related to the length of the route traversed, and in 
the analysis the rise per km was also used. The range of 
results varied between 40.5 m to 99.1 m. The values were 
measured from the values recorded in the centre line of the 
carriageway. These are thought to be sufficiently accurate for 
the survey purposes even though the vehicles route will vary 
from this (particularly at junctions where the camber of the 
road will increase the rise and fall somewhat.)
. FALL
This is the sum of all reductions of height driven over by the 
vehicle. The difference in Level of the start and finish points 
is thus RISE - FALL . In some cases this difference was 20 m 
and in others less than 0.5 m. The maximum fall was 84m and the 
least 50.9 m.
ANGLE
This is the total angle turned through by the vehicle where the 
radius of turn was less than 50 m. This was thought to be a 
better measure for fuel consumption purposes than a figure 
solely related to the turns at junctions.
NJCTN
This is the number of major intersections recorded on the route. 
This varied from 18 to 32 and was again related to the length of 
the route. The number of junctions per km was also examined.
The values obtained for each survey route are given in
Table 5.3.
DRIVERS
A record was made at the time of the survey of the drivers carrying 
out each individual run. This proved to be an important factor, as 
the KE changes and average speeds of the drivers was an additional
variable of some importance. The individual drivers are not named
\
here: Driver 4 and Driver 8 are the same individual, and he was used
for comparisons between the two signal regimes tested. Table 5.4 
lists the routes run by each driver each day and in each period of 
s tudy.
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Monday Tuesday Wednesday Thursday Friday
AM PK AM PM AM PM AM PM AM PM
RUN Pk Off Off Pk Pk Off Off Pk Pk Off Off Pk Pk Off Off PH Pk Off Off
00 4 2 3 3 4 1 2 1 3 1 4 4 2 1 3 2 3 4 1
01 4 2 4 3 4 1 2 2 3 1 4 4 2 1 3 3 2 4 1
02 3 2 4 4 3 2 2 3 4 4 4 2 4 3 3 2 4 2
03 1 3 2 4 4 3 1 3 2 3 4 1 1 2 4 3 3 1 4 2
04 3 1 4 4 2 3 3 2 4 1 1 2 3 3 3 1 4 2
05 2 3 1 4 4 2 1 3 3 2 4 1 1 2 3 4 3 1 3 2
06 2 3 4 1 4 2 4 • 3 3 4 2 2 1 3 4 4 1 3 2
07 2 3 4 1 1 2 3 3 4 2 2 1 3 4 4 1 2 3
08 3 2 4 1 1 2 3 3 3 2 2 4 3 1 1 2 3
09 3 2 4 2 1 2 3 ' # 4 3 2 2 • 4 3 1 1 4 2 3
11 0A 3 1 4 2 2 1 3 4 4 2 2 2 4 2 1 1 4 2 4
12 0B 3 4 2 2 1 3 4 2 3 3 4 2 1 1 3 2 4
13 0C 3 1 3 2 2 4 3 1 1 2 3 3 4 1 1 1 3 2 4
14 0D 4 1 3. 2 2 4 3 1 1 2 3 3 4 1 2 1 3 1 4
15 0E 4 2 3 2 4 2 1 3 2 4 4 3 1 2 2 3 1 4
16 OF 4 1 2 3 3 4 2 1 3 2 4 4 3 1 2 2 3 4 1
Allocation of Route tc drivers -week 70 Coventry Survey
Monday Tuesday Wednesday Thursday Friday
A M PK AM PM AM PM AM PM AM PM
RUN Pk Off Off Pk Pk Off Off Pk Pk Off Off Pk Pk Off Off pk Pk Off Off ..Ek_
00 5 8 6 7 7 8 5 6 5 7 5 8 8 6 5 7 6 7 8 5
01 5 8 6 8 7 8 5 6 6 7 5 8 8 6 5 7 7 6 8 5
02 5 7 6 8 8 7 5 6 6 7 8 8 8 6 8 7 6 8 6
03 5 7 6 8 8 7 5 6 7 8 5 5 6 8 7 7 5 8 6
04 5 7 5 8 8 6 5 6 8 5 5 6 7 7 7 5 8 6
05 6 5 8 8 6 5 6 8 5 5 6 7 8 7 5 7 6
06 6 7 8 5 8 6 8 7 5 8 6 6 5 7 8 8 5 7 6
07 6 8 5 5 6 8 7 5 8 6 6 5 8 8 5 6 7
08' 7 6 8 5 5 6 7 8 7 5 7 6 6 8 5 8 5 6 7
09 7 6 8 6 5 6 7 8 8 5 7 6 6 8 5 5 8 6 7
11 0A 7 5 8 6 6 5 7 8 8 5 6 6 6 8 6 5 5 8 6 8
12 0B 7 5 8 6 6 5 7 5 8 5 6 7 7 8 6 5 5 7 6 8
13 0C 7 5 7 6 6 8 7 5 5 8 6 7 7 8 5 5 5 7 6 8
14 OD 8 5 7 6 6 8 7 5 5 8 6 7 7 8 5 6 5 7 5 8
15 OE 8 5 6 7 6 8 6 5 5 7 6 8 8 7 5 6 6 7 5 8
16 OF 8 5 6 7 7 8 6 5 5 7 6 8 8 7 5 6 6 7 8 5
Allocation of Route to drivers -week 71 Coventry Survey.
Table 5.4 Allocation of Route to Drivers - Weeks 70 & 71 
Driver 4 and Driver 8 are the same.
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OTHER VARIABLES
Once the survey data had been entered into the PRIME computer for 
regression analysis, any multiple or combination of variables can be 
investigated.
Table 5.5a and b list and briefly describe all the main 
variables derived and used in the analysis.
5.8 Results - Preliminary remarks
It became clear at an early stage that the effect of driver 
variability was such that comparisons between the two signal regimes 
would be difficult. Two investigations were therefore carried out: 
one for all results, irrespective of driver, and one for the single 
driver who had completed the whole of the programme. The results were 
reduced by eliminating runs in which there were known faults, such as 
fuel meters stoppages, or where the statistical data for the run was 
incomplete. A marker was inserted in the data tabulations to identify 
which were the clear (or "clean") runs, as follows:
Description
Clean run
Kinetic Energy total missing 
Fuel consumption data missing 
Both Fuel and KE data missing 
run aborted
As part of the later analysis paired T tests were used, and 
where a run under one signal regime was marked, the equivalent run 
under the other signal regime was also removed. Thus where the data is 
for "clean" runs this implies that neither of the paired runs has been 
included if there is any doubt about the data for either run on that 
route.
Analysis was carried out using the SPSS statistical package 
fully desribed by Nie, Hull, Jenkins, Steinbrenner, and Bent (5.13).
Marker
0
1
2
3
4
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Urban consumption in Coventry
In the author's opinion, the SPSS gives a somewhat spurious sense of 
accuracy as the output is often displayed to 5 significant figures, 
when three or at most four would be plenty. The output has generally 
been recorded in this thesis as it appears from the SPSS standard 
output, rather than rounded: the results could then be rerun and
identified exactly if necessary.
5.9 Network-wide Consumption Results - All Drivers
Of the 640 runs completed, 490 were used in this analysis.
The remaining 150 were excluded with insufficient data, or that the 
matching run under the alternative signal regime had insufficient data. 
Table 5.6 shows the means and standard deviations of the main variables 
used.
Average speeds ranged from under 20 kph to over 45 kph with 
an SD of 5.2 kph. The amount of time spent stationary showed a very 
large SD as the mean value is about 130 seconds and the SD is over 80 
seconds. The full range of stopped times is from 10 seconds to 829 
seconds, though there are only 3 values over 500 seconds, and the 
majority of values lie between 50 and 250 seconds. The longest are 
related to specific incidents in the urban area, where the capacity of 
the network has been exceeded (usually by a breakdown or accident as 
well as peak hour flow levels.) The longest total stopped time was 
accumulated in only 14 stops; for much of the 829 seconds the vehicle 
was stopped by an accident which also slowed vehicles on other routes. 
The shortest stopped times are where the test car has been fortunate in 
receiving favourable signal greens. The number of stops ranged between 
under 5 to over 20, generally depending on the time of day and the 
number of intersections, as might be expected.
The rise and fall on the routes averaged about 70m (about 7 m  
per km or 0.7 percent.) There is a good range of angles turned 
through, from about 7 rightangles to 21 rightangles, with the average 
of about 14, which is about 140 degrees per km. The number of major 
junctions per km averaged 2.5 approximately. An interesting statistic 
is the KE loss per km which does not appear to vary as much as might be
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VARIABLE MEAN STANDARD DEV CASES
DIST 8983.2041 1426.4751 490
JT 1044.7490 232.6141 490
SPEED 31.6082 5.1669 490
INVV 0.0320 0.0053 490
VSQ 1025.3224 359.8806 490
STOPT 129.7653 82.7171 490
STBYJT 0.1142 0.0609 490
NSTOPS • 11.4694 3.8843 490
NSBYD 1.2749 0.3917 490
KE 4114.3959 917.7258 490
CC 1235.6531 274.7594 490
FC 13.7049 2.0921 490
LPERH 4.2651 0.6670 490
MARK 0.0000 0.0000 490
DAYTIM 56.0694 28.8793 490
RUN . 7.6939 5.0592 490
DRIVER 4.5592 2.2669 490
RISE 62.9147 13.4707 490
FALL 62.9502 8.8573 490
ANGLE 13.8747 4.4701 490
NJCTN 22.7184 4.2255 490
JTBYD 116.5260 19.0090 490
CUBV 34241.3898 21093.8177 490
INVVSQ 0.0010 0.0004 490
VLG 1.4942 0.0699 490
RIBYD. 6.9750 0.7788 490
FABYD 7.0764 0.9068 490
UNITCC- 13.7542 2.0921 490
PE -0.0355 9 *6145 490
STBYD • 1.4589 0.9364 ' 490
PEBYD -0.1014 1.1105 490
ANBYD 1.5513 0.4621 490
KEBYD • 458.9662 77.5521 490
NJBYD 2.5407 0.3486 490
MOD HD 14.0514 1.2746 490
Table5*6 Means and Standard Deviations -all drivers, all clear.runs
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expected. However, examination of the individual means and standard 
deviations can only provide limited information, and the simple 
correlations between the major variables were output and examined.
5.9.1 Simple correlations All Drivers on all routes.
Before discussing simple correlations, it should be 
recalled that the existence of correlation between two variables is 
not necessarily evidence of causation. Thus for the data collected 
the correlation between total fuel consumption and trip length (0.73) 
may be significant; but the correlation between fuel consumption and 
rise is almost as high (0.69). In this case it can easily be seen 
that rise is correlated with distance. It is therefore likely that 
it is this latter relationship that may be improving the relationship 
between fuel and rise. When the dependence on total distance is 
removed, and fuel per unit distance is compared with rise per unit 
distance, the correlation reduces to 0.1.
It is however useful to examine simple correlations, first 
because they may indicate the existence of bias in the data, and 
second because there may be unusual features worthy of further 
investigation. They also provide a useful check on the use of 
Multiple Regression techniques (see-below).
Table 5.7 shows the simple correlation matrix between the 
variables named in Table 5.5.
(In order to record the data at a reasonable size it has 
been subdivided onto 6 pages labelled 5.7a-5.7f; the correlations 
are referred to column by column. This is for ease of reference 
rather than according to the importance of the elements referred to. 
Each column continues over two pages.)
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Table 5.7 a and b Simple correlations -all drivers, all 490 clear runs
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Urban consumption in Coventry
Details of simple correlations.
DISTANCE
The length of run is not correlated with FC or UNITCC; any excess 
consumption from cold engines does not appear to have been 
significant, and the precautions taken to avoid this adequate. 
DISTANCE appears well correlated with journey time (JT) and with 
total fuel consumption (CC), as might be anticipated.
JT
Journey time also appears well correlated with total fuel consumption 
(CC).
SPEED
Speed correlates with the number of stops per km NSBYD (-0.75) and, 
more obviously, with the stopped time per km (STBYD) (-0.72).
NSTOPS
Attention is drawn to the comparatively poor correlation between 
kinetic energy loss and the number of stops. This is demonstrated 
further in the next column where the stops per km (NSBYD) have a 
coefficient of 0.29 with KEBYD, the loss in kinetic energy per km. 
Thus the number of stops on a journey cannot be taken as a simple 
surrogate for the KE loss, nor vice versa. Use of both variables 
should be justified in a regression analysis.
KE
About a third of the variation of KE might be explained by the 
distance travelled (ie 0.66 squared). As DIST has a simple 
correlation with CC of 0.73 and KE only of 0.29, it may be that the 
variability in fuel related to KE is not directly as a result of the 
distance travelled. Examination of KEBYD and FC shows a coefficient 
of 0.31. Thus while some of the variation is clearly produced simply 
because longer trips have more KE, some variability in fuel 
consumtion is related to KE loss more directly; this is as might be 
expected.
CC and FC
Reasonable correlations between CC and DIST, JT, NST0PS, KE, RISE, 
FALL, NJCTN are noted. The correlations with FC are higher with
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Urban consumption in Coventry
INVVand SPEED (obviously). While FC relates reasonably well with 
NSBYD, and a little less with KEBYD, it is not correlated at all well 
with RIBYD and FABYD, indicating their lesser significance.
LPERH
Broadly the fuel consumption per hour follows the relationships for 
CC and FC (though with appropriate changes of sign).
DAYTIM
As the most significant digits of the DAYTIM variable are the days 
numbered 1 to 10, low correlations here could be thought to show a 
lack of change of other variables during the running of the survey. 
However a scrutiny of the paired runs (from one week to the next) 
revealed that the low values here could be disguising small but real 
changes. Nevertheless the fact that FC, CC, and LPERH are all very 
low correlations with DAYTIM would at least suggest that the possible 
wear in meter UN4 (discussed above) either occurred later in the 
meter's life than this survey, or that the effect was such as to be 
undetectable at this scale.
RUN and DRIVER
The correlation coefficients here are spurious, in that both the run 
and driver numbers are fortuitous. An attempt was made to 
characterise drivers, by means of their KE rating, but with little 
success.
UNITCC
This variable differs from FC in two ways: first the magnitude is
fuel in litres per tenth of a km, and second in that it was derived 
differently. It was thought at one stage that the variable FC, which 
was recorded originally to 3 significant figures, might not be 
accurate enough. UNITCC was therefore calculated^CC and DIST, both 
recorded more accurately. However, while there are small differences 
between the two sets of correlations these are not significant.
ANBYD
The correlation with FC is lower than anticipated; the effect of 
lateral accelerations overall is somewhat limited when compared with 
other variables.
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KEBYD
The unit change in KE per unit length has a comparatively poor 
correlation with NSBYD, and with FC, though it should be pointed out 
that these are among the highest values of correlation of other 
variables with KEBYD.
NJBYD
The highest correlation of NJBYD is with NSBYD (0.58).This is perhaps 
as expected. It is therefore worth noting that NSBYD is not well-, 
correlated with KEBYD, (0.17) which again suggests the independence 
of KE from NSTOPS.
These simple correlations are likely to hide other 
relationships, and the simplest approach to investigating the data 
further is to use Multiple Regression Analysis. As with the 
preceding section, the effect of drivers has for the time being been 
ignored.
5.9.2 Multiple Correlation and Multiple Regression (MR)- All Drivers 
on all routes.
Only a limited number of expressions are reviewed in this 
section: there is little real point in examining less significant
results pf more doubtful validity when some useful expressions, well 
related to practical considerations of fuel consumption can be 
identified. Sections 5.9.3 to 5.9.7 consider an expression related 
to the number of stops and the KE changes measured. Section 5.9.8 
considers predicitve formulae on the same basis as that identified 
for Roth, Everall,General Motors and Melbourne University.
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5.9.3 Total Fuel Consumption per run - from Stops and KE.
The total fuel consumption PER RUN can be derived and the 
following equation was identified:
CC = 0.068DIST + UNSTOPS + 0.058KE + 0.26JT - 64 Eq.5.1
(70) (22) (29) (20)
R2 =0.68
The constant term represents between 3 and 8 percent of the 
fuel used on any given run. Putting average values for DIST, NSTOPS, 
RE and JT into the above expression shows that for a trip of 9000m 
with 11 stops, a kinetic energy loss of 4100m2persec2 per unit mass 
and a journey time of 1000 sec, the fuel used would be about 1200 cc. 
Five percent of this is derived from the constant term. The detailed 
contribution to the equation are shown in Table (5.8a) where it can 
be seen that most of the explanation is derived from the DIST and 
NSTOPS terms which together have a multiple R2 of 0.655.
Table 5.8b shows the residuals for equation 5.1. 
Standardised residuals are plotted vertically and the standardised 
dependent variable horizontally. There does not appear to be any 
abnormality in these. There is a slight trend for the residuals to 
increase with increase in predicted standardised dependent variable 
(ie with increase in CC) where the residual itself is negative. This 
is hardly detectable, but would indicate a tendency for consumption 
on long routes to be unexpectedly low in some instances. In 
practical terms, this is possible in off peak periods, as the longest 
route does include an unusually long run on the Ringway. The result 
indicates a very slight, but explainable, departure from normality.
The development of the expression Eq. 5.1 can be followed 
through Tables 5.9a to 5.9c and the addition of route variables of 
less value in explaining the variation in CC are shown in 5.10 and ' 
5.11.
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Table 5 8a
COVENTRY 1980 70  & 71 CCS PER RUN ALL DRIVERS 0 9 :3 9 18 0 6 /1 5 /3 4
F ILE  COVDATAS (CREATION DATE -  0 6 /1 5 /8 4 )  ANALYSIS OF COVENTRY FUEL DATA 
* * * * * * * * * * * * * * * * * * * * * * *  M U L T I P L E  R E G R E S S I O N
DEPENDENT VAR IA B LE .. CC FUEL USED ON RUN IN  CC
SUMMARY TABLE
REGRESSION
L IS T  1 
L IS T  2
VARIABLE MULTIPLE R R SQUARE RSQ CHANCE SIMPLE R B BETA
D IS T RUN LENGTH IN  M 0 .73392  0 .53864 
NSTOPS NUMBER OF STOPS PER RUN 0 .80923  0 .6 5 48 5  
KE K IN ETIC  ENERCY LOST MSQ PER SECSQ 0 .81833  0.66967 
J T  RUN TIME IN  SEC 0 .82635  0 .6 8 28 6  
(CONSTANT) '
0 .5 3 86 4
0.11621
0 .01482
0 .01319
0 .73392
0 .64107
0 .6 4 95 8
0 .7 2 73 5
0 .68 39 38 9 E -01
14.45133
0.5 8 47 18 1 E -01
0 .2 670051
-6 4 .0 2 0 6 5
0 .3 5 5 0 8
0 .2 0 4 3 0
0 .1 9 5 3 0
0 .2 2 6 0 5
—  PREDICTED STANDARDIZED DEPENDENT VARIABLE (ACROSS)
- 2 . 0
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** i  * * *  i
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*  * i  *
* *  i * I
- I i  *
AA AA A A A
* * * * *  * *
1 .0  + * * I * 2 * * +
* * 2 *  *2 2  * 2 *  * * x
* * 2 2 * * 2 2  I * **
* * 223 * 2 * 3 *  2 2 *  22  * * I
* 2 *2 2  3 * * * * * 3 3 3 * *  * * I
* 2  4 2 *3 2 3 3 *3 2 2 *  * * * * I
* 223 3 2 2 2 *2 *  ** ** x
*2 2 2 4 4 3 2 *  4 1 *3 3 *  *** * * x
*2 5 * 2 2  I* * * * * 1
* 2  * * 3* 2* *  2 *
n n -i ■U *U » "
* 2 2 *  * * * * * **
2 2 * * * 2  *
* * 2  2 1 *  2 *
I * * *  *  j *  *  *  *
*  *  * 2*  2 I
I *  * 2*  *  * * * * * * I
s* 2 *  * *  * 2 * 2  * *  x
* * * *  22 2 * *  * * *  x
22 22 *  *  * *  I
-1.0 + * 2*  22 * 2 2 * 1 *  *** **j * * I
5 * *2 * * ** I
* 32 2 2 *2  * *
2 * ** 2 ** * * I
* 2 * 2  **I *** * I
2 1*2* * * I* ** j* * * ■ * I
* ** x* * * *  I
I **2
I I** * 2 I
-2.0 + x * * +
X I * *  *  x
Y I Y
. YXH---------- •-+XY.
-2.0 -1.0 0.0 1.0 2.0
ROWS,COLUMNS Y VALUES OUTSIDE (-3.0,3.0)
ROWS,COLUMNSX: VALUES IN (-3.0,-2.05) OR (2.05,3.0)
TabIeS>8b PloC of Residuals for Eqn6*1
Tables 5.8a and 5.8b Summary of regression data for Equation 5.1 and 
plot of residuals (showing the departure of the individual data points 
from the standardized predicted value.) PAGE 196
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Explanation of Table 5.9c
Looking at Table 5.9c which gives equation 5.1, at the top 
left of the table is the multiple correlation coefficient MILTIPLE R. 
This is squared to give the Coefficient of Determination (R SQUARE) 
below;the more conservative ADJUSTED R SQUARE, useful when the sample 
size is small is also given. (The adjusted R square may contain 
bias;the statements on R SQUARE and coefficients of determination in 
this thesis always refer to the unadjusted value.) It will be seen
that R2 = 0.68286; that is , 68 percent of the variability of CC is
explained by the terms entered into equation 5.1.
The STANDARD ERROR of 155 gives a measure of the 
variability of the data. The sample size is large and the standard 
error tends towards a normal distribution, so the 95 percent 
confidence limits for mean CC can be obtained from the standard error 
and the mean value of CC (1235) as
95 percent confidence limit 
1235 -  1.96(155) and 1235 + 1.96(155)
that is between 931 and 1538. This is however not the most useful
application of the standard error.If the stanard error decreases with 
the addition of more variables, there is a closer definition of the 
dependent variable.If the Standard error rises, or only falls 
slightly, the additional variable is not improving the 
description.Small additional explanations of R SQUARE can be 
discarded if the standard error rises.
At the top right of the table the analysis of variance 
shows the degrees of freedom with 4 variables entered. The F value 
for the 490 cases is given as 261. For the equation not to be the 
result of chance the F value would need to be 2.37 at the 5 percent 
level and 4.42 at the 0.1 percent level.The possibility of this 
explanation of variance of CC being a chance result is almost nil.
At the lower left of Table 5.9c the 4 variables currently 
entered in to the expression ( to give equation 5.1) are shown. The
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partial regression coefficents and the constant term are in the 
column headed B. These are measures of the influence of the 
"independent" variable on the dependent variable when the other 
"independent" variables are held constant. (Discussion of the 
"independence" is considered below.)
The Beta values have not been used as such in this thesis, 
but they are a measure of the relative effects of each of the 
"independent" variables on the dependent variable CC. The STANDARD 
ERROR of B is given next. It will be seen that the standard error is 
about 20 percent of B or below.If the standard error of B is of the 
same magnitude as B then clearly the variable entered is not a useful 
descriptor of CC.
Table 5.9cshows that each of the terms in the expression 
derived have good F values. at the bottom right of the Table 5.9c it 
will be seen that if any of the remaining variables were entered into 
the equation, only RISE would have an -F value above the required 5 
percent level (2.52 being greater than 2.37). If it is entered the 
BETA value when entered would be 0.08696, much lower than the four 
variables already entered, indicating the lesser influence of RISE on 
CC. It is also apparent that the PARTIAL correlation of RISE with 
CC, once the four variables already added have been considered, is 
very low at 0.07, and the TOLERANCE of RISE is given as 0 .21789.
This means that only about 22 percent of the variance of RISE is not 
explained by variance in the four variables already entered, once 
again indicating that the inclusion of RISE is not going to add very 
greatly to the explanation of CC.
5.9.4 Discussion of Equation 5.1 and alternatives to it.
Table 5.9c and Tables 5.10 and 5.11 also shows that once 
the four variables above are entered into the equation, the remaining 
variables SPEED, INVV, STOPT, RISE, FALL, ANGLE, NJCTN, and PE have F 
values such that for 485 degrees of freedom only RISE and NJCTN are 
distinguishable from chance at the 5 percent level. There is a 
distinct break between the 4 variables entered and>the next 8
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Urban consumption in Coventry
variables not yet entered. The comparative unimportance of route 
characteristics in relation to the four variables entered should be 
noted. Tables 5.10 and 5.11 show that the inclusion of RISE and 
NJCTN add very little to the R SQUARE term (0.0016 and 0.0019) and 
the changes in standard errors are also very small. When both terms 
are included the F values are 3.86 and 2.94 - both significant at the 
5 percent level - but the additional explanation in fuel consumed is 
very little. The inclusion of NJCTN, marked with a * in 5.11, is not 
in any case rational. If all the other variables are held constant, 
increasing the number of major junctions passed through appears to 
decrease the expected fuel consumption. If Table 5.7b (row 3, 
penultimate column ) is referred to it can be seen that the simple 
correlation is positive; the regression entry is therefore a result 
of the survey route choice rather than a real variation.
As route characteristics cause some of the KE changes an 
expression for DIST, JT, ANGLE and RISE was identified. However the 
Beta values for RISE and ANGLE showed that CC was not very responsive 
to variation in these variables, and it is clearly the correlation 
with KE that allows ANGLE to be a predictor. 64 percent of the 
variability in CC was explained by:
CC = 0.065DIST +0.46JT +5.1ANGLE +2.0RISE -33 Eq. 5.2
(28) (105) (6) (2.8)
R2 = 0.64
This expression does not require any measurement from 
vehicles except the journey time. Note that the constant term is for 
trip betwen 6 and 13 km and represents a value of about 3 cc per km.
Use of the expression from Table 5.10 :
CC = 0.054DIST + 14.0NST0PS + 0.058KE + 0.27JT + 1.77RISE - 43
Eq. 5.3
(20) (21) (28) (21) (2.5)
R2= 0.68
might appear justified, but in view of the practical difficulty
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involved in collecting this data, it is suggested that the four 
function term is much preferable for use by traffic engineers. The 
RISE term makes very little difference to the calculated consumption 
in Equation 5.1 as compared with Equation 5.3, as the DIST term is 
reduced in 5.3. The area of Coventry is not particularly flat: it
has the undulating characteristics of many UK cities. There is an 
indication here that further work in a hillier area would be 
worthwhile.
Overall the equation with four variables can be said not to 
be a chance result, and though not a very accurate predictor, is as 
good and explanation as could be expected.With the addition of more 
variables, the standard error is still reducing ( see the asterisked 
values in Tables 5.9a, 5.9b and 5.9c, 5.10 and 5.11). It can be seen 
that the standard error of the equation reduces from 161.8 with two 
variables to 155.3 with four variables. (Thereafter the reduction is 
marginal.) This is not a large reduction, but does indicate that the 
additional variables up to the fourth are a real improvement.
It can be noted from (Tables 5.9a and 5.9b) that the 
strength of the expression quoted above lies in the DIST and NSTOPS 
terms. When these are used alone, the standard errors for the 
individual variables are very small and the F values very high.
Table 5.9b shows the KE term is not quite so robust, with an F value 
of 20. (This is of course comparative: any value above about 5.42
would be significant at the 0.1 percent level, so the result is 
certainly not chance.)
An explanation of 68 percent of the total variability, 
given the different drivers, cars and routes, the different signal 
regimes and the different traffic and weather conditions, would seem 
to be a useful result.
Leaving for the present the variability caused by drivers, 
the author has considered expressions with fewer variables, and 
subdivisions of the data by time of day and by route driven. This 
gave some useful insights into the interdependence of the variables 
not easily apparent from the simple correlations.
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5.9.5 MR -All drivers on all routes by time of day.
Further evaluation of the data was carried out, initially 
by subdividing the data into the four periods of day - morning peak, 
morning offpeak, afternoon offpeak and evening peak, numbered 1 
through 4. Stepwise MR analysis showed two things: first, that the
strong correlation between journey time and distance sometimes led to 
the introduction of JT first and sometimes DIST first; and second 
that there appears to be some considerable dependence between JT, KE 
and NSTOPS and DIST. The overall relationship, while providing 
consistent predictions* is somewhat unstable. This interdependence 
became clear when the four separate periods were reviewed, and 
discussion of this appears appropriate here.
It was stated above that the correlation coefficient 
between KE and NSTOPS was about 0.5. This would suggest that they 
are not strongly related. However it is still possible for both to 
influence fuel consumption in the same sense and by similar amounts, 
- a t  least to the extent of their mutual correlation.
When the multiple regression coefficients for the above 
four variables are examined, the coefficients for the four terms used 
differ for the different times of day.
First, it can be seen that the coefficients for KE in 
column B (Tables 5.12 to 5.15, and summarised in 5.21 under KE) are 
very much higher in the peak, hours than in the offpeak hours. This 
is not explained by variation in the samples, since the kinetic 
energy loss per unit distance (KEBYD) in each period only showed 
about 3 percent variation over all four periods (449 to 465m2 persec2 
units). (See KE entries in Tables 5.16 to 5.19).
This result might suggest that KE loss associated with peak 
hour travel (where the average speeds are 5 kph lower) is 
much more fuel consumptive than KE loss at other times.
This would be accounted for in some measure by the less 
efficient engine operation in peak hour conditions. 
Remembering that the actual expenditure of fuel occurs when
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TABLE 5.20
AV. VALUE PERI0D1 PERI0D2 PERI0D3 PERI0D4 AVERAGE/DAY
Average DIST 8904 9029 9009 8994 8983
Average JT 1092 984 948 1162 1045
average KE 
loss
3988 4133 4181 4171 4114
Average number
of stops
per run (NSTOPS]
11.9 10.9 10.2 12.8 11.4
Average stopped 
time per run
157 102 84 178 130
Average time 
per stop
13.1 9.7 8.4 13.7
Table 5.20 Average Values for four variables at 
different times of day.
MR analysis of Coventry Data.
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Urban consumption in Coventry
the vehicle accelerates, and that there will be a 
considerable number of low-speed and
low-acceleration-speed- changes during the peak periods, 
this might appear a reasonable interpretation. Running 
speeds are lower, and if the accumulated KE change is the 
same off peak and on peak, then there has to be more 
disturbed movements as well as lower speeds. This initial 
assessment, whilst reasonable, must be examined against the 
other coefficients; thus:
Second, the coefficients for NSTOPS increase in the off 
peak periods. This suggests that, if DIST, JT and KE are held 
constant, then each off peak stop has a higher fuel consumption than 
peak hour stops. If true, this requires some explanation, as the 
peak hour stops are known to be of longer duration than the off peak 
stops as can be seen in Table 5.20q ^o'^ , extracted from Tables 5.16 
to 5.19.
The difference in coefficients for KE (taken from tables 
5.12-5.15) are much more readily explained when viewed in conjunction 
with the changes in coefficient for NSTOPS. This is examined in 
table 5.20. Table 5. 20 shows average values for DIST, JT, KE loss
and NSTOPS.It can be seen that the number of stops vary on average 
between 10 and 13, but the stopped times vary from 84 to 178. The 
mean duration of a stop, given in the last row of Table 5.20, also 
therefore varies.
Table 5.21 shows the multiple regression coefficients for 
each variable for each period of day, for all periods together, and 
for the sample divided into two by run number (1-7 inclusive and 8-16 
inclusive). The table gives MR coefficients for the 4 variables 
mentioned above, and for the 3 variables DIST, JT, and NSTOPS. Also 
shown is the consumption each equation would predict for the 
'average1 trip of 9000m, lOOOsec, 4000ke units, and 11 stops.
From this table it can be seen that there is considerable 
variation in the coefficients, even when only three variables are 
used.
PAGE 211
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(All the equations have F values significant at 5 percent 
or better, and usually very much better.) But, with the exception of 
the evening peak hour runs, all the predictions for the average trip 
are very nearly the same.
(The evening peak results are about 4 percent higher.)
The initial conclusion to be drawn from these two tables is 
that using expressions with distance, journey time, kinetic energy 
and number of stops can give a reasonable prediction, but the 
interrelation of the variables is such that some the coefficients are 
not stable if different samples are taken. This will not matter in 
the slightest if the equations are used within their statistical 
range; some further analysis was carried out to see if a more stable 
relationship was available.
5.9.6 MR using notional delay as a variable
It has been suggested by Robertson, Lucas and Baker 
(Reference 5.9) that the fuel consumption of a journey could be 
related to the distance travelled, the delay experienced, and the 
number of stops. This presupposes some intended overall cruise speed 
for each trip, so that the delay can be calculated. With the data 
available, estimates of delay can be obtained by multiplying the 
distance travelled by 3.6/V, where V is the notional speed, and then 
subtracting the result from the known journey time. This gives the 
notional delay in seconds.
Assuming notional cruise speeds ranging from 40 kph to 60 
kph yields the estimates of delay listed in Table 5.22. Table 5.23 
gives the simple correlations of these variables with others; it can 
be seen immediately that there is a very strong correlation of delay 
with journey time. It is therefore not surprising that the use of 
Delay as a variable in the regression analysis gives very similar 
results to expressions using journey time. Such differences as there 
are are brought about by variation in the constant term preceding the 
distance variable. (A distance element has been subtracted from the
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Tables 5.22 and 5.23 Notional average delay for various speeds
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Urban consumption in Coventry
JT term.)
Table 5.24 shows a typical MR analysis sheet and while the 
F value for the delay terms appear generally satisfactory, the 
contribution to the total variability explained is small (Table 
5.25a).
(It can be noted that the NSTOPS F value is large and is of 
comparative magnitude to the JT F value in previous expressions). 
Table 5.25a and 5.25b demonstrate that the only change between the 
expressions using JT and Delay occurs in the DIST term, where the 
coefficient is slightly larger when delay is used.
(This is as expected: by subtracting proportionally equal
amounts from all the Journey time values does not change the "slope" 
of the best fit surface through the journey time dimension, but it 
does affect its position relative to the distance axis. It is 
apparent that the affect is only to the distance axis and not to the 
number of stops, since resubstituting journey time and distance in 
place of delay will vary the distance coefficient and not Effect the 
stops coefficient.)
A review of the delay per km was examined next, but the 
coefficients of determination were extremely low and are not reported 
here.
5^9.7 Area - wide consumptions - separate drivers.
Table 5.26 gives expressions similar to those above, but 
for each driver taken separately. It is immediately obvious that the 
cross correlations between distance, journey time, and stops produce 
dissimilar coefficients for the MR regression equations for the 
subset of data for each driver. Each equation is a good explanation 
of the data, and the resulting prediction of consumption for the 
"average trip" as described above is listed for each driver. These 
predictions compare very favourably with the actual averages for the 
separate drivers, shown in Table 5.27 (column headed CC).
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Tables 5.26 and 5.27 Multiple Regression equations with the same 
variables for various drivers, and mean values of given variables 
for the same drivers. PAGE 217
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Urban consumption in Coventry
It can be seen that the drivers all completed sets of 
routes such that their average distance and journey times were within 
1 percent of the global average, despite different runs being 
eliminated for a variety of reasons from each pair of drivers’ total 
route coverage. What should be noted is that, in percentage terms, 
the range of KE values and of fuel consumed is very much greater than 
the range of journey times.
Drivers 5-8 repeated under the SCOOT system the routes 
completed by drivers 1-4 under the TRANSYT system. It can be noted 
that, for each driver’s overall average, there is a positive 
relationship between average speed and fuel consumption; the 
correlation coefficient is positive at 0.82. The survey "weeks’’ are 
listed as week 70 and week 71 on all the stored data; this notation 
is used here. Observing that the routes covered by driver 1 in week 
70 (under TRANSYT) are repeated by driver 5 in week 71 (under SCOOT) 
and that 2 is repeated by 6 and so on, it is clear that in three out 
of four cases the average speeds were higher in the second week.
If the theories propounded by Evans et al reported in 
chapter 3 are true, then the fuel consumptions should be lower. But, 
in two out of four cases, the fuel consumptions were higher too. The 
replacement drivers with higher fuel consumption in the second week 
had higher KE losses also. (KE and speed also have a strong 
correlation (0.71) for these data.)
This observation must strike a cautionary note, and it is 
possible for a number of explanations to be given:-
First, it is possible for the change in signal regime to 
have improved speeds and increased KE losses. This would be brought 
about if the running speeds were higher between signals, but the 
number of stops were to be the same or higher. Comparisons (Tables 
5.28a and 5.28b) of the number of stops shows that the number of 
stops rose on average, from a mean of 11.44 per run in week 70 to a 
mean of 11.50 in week 71 - an average of 0.5 percent increase; on 
average for all runs between the two weeks fuel consumption rose by 
about 0.9 percent and KE rose by about 1.2 percent. The stopped time 
also rose by about 4.5 percent. At the same time, journey time fell 
by 0.8 percent.
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VARIABLE MEAN STANDARD DEV CASES
DIST 8978.9837 1426.5455 245
JT 1049.0286 234.0526 245
SPEED 31.4102 4.9681 245
INVV 0.0322 0.0056 245
VSQ 1010.7918 314.7255 245
STOPT 126.9184 83.4409 245
STBYJT 0.1115 0.0648 245
NSTOPS 11.4408 4.1084 245
NSBYD 1.2707 0.4114 245
KE 4089.7265 875.2275 245
CC 1229.8531 278.5678 245
FC 13.6551 2.2169 245
LPERH 4.2318 0.6540 245
MARK 0.0000 0.0000 245
DAYTIM 31.0694 14.4279 245
RUN 7.6939 5.0644 245
DRIVER 2.5592 1.0643 245
RISE 62.9147 13.4845 245
FALL 62.9502 8.8664 245
ANGLE 13.8747 4.4747 245
NJCTN 22.7184 4.2299 245
TABLE 5.28a WEEK 70 MEANS AND STANDARD DEVIATIONS -ALL PER
VARIABLE MEAN STANDARD DEV CASES
DIST 8987.4245 1429.3125 245
JT 1040.4694 231.5664 245
SPEED 31.8061 5.3611 245
INVV 0.0317 0.0050 245
VSQ 1039.8531 400.1034 245
STOPT 132.6122 82.0587 245
STBYJT 0.1169 0.0566 245
NSTOPS 11.4980 3.6548 245
NSBYD 1.2792 0.3717 245
KE 4139.0653 959.5038 245
CC 1241.4531 271.3434 245
FC * 13.7547 1.9627 245
LPERH 4.2984 0.6796 245
MARK 0.0000 0.0000 245
DAYTIM 81.0694 14.4279 245
RUN 7.6939 5.0644 245
DRIVER 6.5592 1.0643 245
RISE 62.9147 13.4845 245
FALL 62.9502 8.8664 245
ANGLE 13.8747 4.4747 245
NJCTN 22.7184 4.2299 245
TABLE 5-28bWEEK 71 MEANS AND STANDARD DEVIATIONS -ALL PERIODS , ALL DRIVERS.
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These levels of average changes might be regarded as 
"noise" on the system. A more detailed analysis is given below under 
"Comparison of signal regimes". The fact that these results do not 
accord with the theory suggested by Evans et al could however be 
related to another explanation than the effect of signal changes, and 
it seems more likely that the changes are related to the change of 
driver; thus:-
Second, it is possible for the different drivers to cause 
an increase in journey speed (and a reduction in journey time) by 
apparently driving "harder". The result could hardly be chance over 
about 600 km of urban driving, and must be regarded as a serious 
possibility. This need not be a conscious element, as the drivers in 
the second week (71) would not know how the drivers in the previous 
week had driven. Irrespective of any other outside changes, changes 
of driver are likely to upset any comparisons of fuel consumption. 
Calculations of fuel consumption based on journey times will be 
confounded if the driver, knowingly or otherwise, has actually driven 
differently from another driver with whom his results are being 
compared.
Further comparisons of signal regimes are discussed below, 
but the influence of drivers can only be eliminated by examining the 
one case where the same driver operated the same car for both weeks.
Returning to the more general argument, much of the 
variability observed in the general data can now be attributed to 
variability between drivers. All the coefficients of determination 
for expressions of fuel consumption for particular drivers are better 
than the equivalent expression for all drivers together. ~
5.9.8 Comparison with models from Roth, Everall,General Motors and 
Melbourne.
It was stated in Chapter 4 that expressions of the form
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FC = a/V + bV2 +cV +d
could be used to explain the data found by Roth and Everall. Their 
analysis was based on short lengths of route, and generalised to the 
overall trip consumption. The present data is for overall trips. 
Table 5.29 shows that DIST*VSQ and DIST*V (distance times speed 
squared and distance times speed) had very low F values once DIST and 
JT were entered in a regression for CC. Without a wider spread in 
the speed terms (remembering these equations relate to the total run 
lengths) this could not be persued further. Ignoring the small 
constant term, and converting to litres per 100 km units, the 
expression would be
FC = 8.5 +50/V Eq. 5.4
R2 = 0.63
This is of the form found by Evans et al. and it will be seen that 
somewhat less of the overall explanation of variability was 
identified using this method.
Using variables compatible with the PKE model from 
Melbourne University, and remembering that the total KE change 
whether positive or negative is the same,CC can be predicted. 
Converting the values in Tables (5.30 and 5.31) into consumption in 
litres per 100km , and allowing for the constant term which is about 
20 percent of the expression for an average trip, gives the 
expression:
FC = 0.00073 KE/D + 56/V + 0.15V +2.5 Eq. 5.5
R2 = 0.67
It can be seen that the General Motors model explains less of the 
variability than the other models, though it has the merit of 
simplicity. The Melbourne model is almost as good as the model based 
on stops as well as KE change.
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Urban consumption in Coventry
5.9.9 Concluding remarks on Network-wide predictions of fuel 
consumption.
It can be generally concluded from the above, with some 
reservations as to the variability of the data, that for a 2 litre 
car running in normal urban conditions, and using three easily 
defined variables, the fuel used on a trip of length DIST metres, 
journey time JT seconds, and with NSTOPS stops the fuel consumed is 
approximately
CC = 0.1 DIST + 0 . 2  JT + 2 0  NSTOPS Eq. 5.6
This will exaggerate the fuel consumption by about 5 to 10 cc per km.
It is recognised that the variables in the expression are 
not independent, but that the estimates obtained for journeys of 
between 6 and 13 km are not unduly affected by taking subsamples even 
though the coefficients of the various expressions fluctuate 
considerably. It is suggested that the general expression can be 
used for trips outside this range as there is a wide range of trip 
length, and there are no specific features that suggest that 
consumption will vary outside the trip length range given.
Comparison with models from General Motors and Melbourne 
shows much lower levels of variability explained in this data than 
was found by Evans et al. and Watson et al.. This is almost 
entirely to do with the type of trip length considered, and the 
coefficient ofdetermination is comparable with the aggregated 
Melbourne data results. The General Motors model has the advantage 
of simplicity,but it is not at all sensitive to differences in 
journey time caused by different effects (see Chapter 4). If Kinetic 
energy changes can be represented, but not the number of stops, the 
Melbourne model can be used, but this does not allow the 
differentiation of excess fuel caused by stops. The model here 
proposed can be used for situations where the number of stops can be 
altered; the data generally confirms that the work of Robertson et 
al. can be applied to real situations on street.
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5.10 Comparisons of signal regimes on a network-wide basis.
5.10.1 Introduction.
It has already been pointed out that the Coventry Survey 
data used here relates to two different signal regimes. This in no 
way affects the use of the the expressions given in Equations 5.1.and 
5.6 above, as the signals merely spread the range of parameters 
investigated.
The data for these two regimes are now considered, along 
with some reservations that have been expressed about the use of 
journey time to predict fuel consumption.
The Coventry Survey is one of the largest fuel consumption 
surveys ever carried out; great care should be taken in discussing 
what can and cannot be concluded from the Survey, and analysis of it. 
The next section outlines the way in which the data has been 
analysed, and where it has shortcomings.
5.10.2 ” Flow Weighting ".
When investigating journey time and other network data, it 
is the usual TRRL Urban Networks Division practice to "Flow Weight" 
the results. To see why this has not been done in this case requires 
first a description of Flow Weighting.
When delays, journey times etc. are recorded, they are a 
surrogate for the travel that occurs on the road or route being 
studied. The objective of the survey is not to record the delays to 
a vehicle per se, but to derive a picture of the delays to all 
vehicles, from which proper decisions for all travellers can be made.
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When delays on one piece of road are recorded, it is usual to 
multiply this by the number of vehicles using the route; given that 
a representative selection of recordings have been made, a reasonable 
expansion from the sample to the population can also be made.
Some problems occur with flow weighting of the Coventry Survey data.
It has been noted that during recording the data is 
subdivided on "links" or sections of road, separated by timing 
points. In the Coventry survey, as with most other surveys, the 
timing points are actually placed at road junctions. Now the delay 
and journey time changes on a section of road are mainly related to 
the perturbations which occur on the link, or at the junction at the 
downstream end of the link. Using negative KE changes as a 
descriptor means that the KE losses are also related to the 
particular links. It is therefore correct to apply flow weighting to 
these parameters on a link by link basis.
However, fuel consumption is only partially related to a 
particular link, and flow weighting by the traffic on the link is of 
doubtful validity.
Most of the queue-related fuel consumption of a delay 
appears on the link, but most of the acceleration-related consumption 
occurs on a downstream link, and is recorded at the downstream end of 
this second link.
Consider the following three cases shown on Figure 5.13. 
Trajectory 1 passes through junction A unhindered, and no excess fuel 
consumption occurs. Trajectory 2 slows to a rest at junction A; 
delay, and journey time increase and some extra fuel is recorded on 
link ZA and some delay and journey time increases are recorded on AB, 
together with almost all the fuel used to accelerate the vehicle 
after stopping at A. ZA may have a lower total fuel consumption when 
vehicles stop than when they do not. Trajectory 3 passes through A 
unhindered, but is forced by the geometry of the junction at A to 
slow, and fuel and delay are accumulated on link AC, even though the 
vehicle may pass through junction C unhindered. Suppose the flow on 
ZA to be 1000 vehicles, AB to be 2000 vehicles, and AC to be 100 
vehicles. The delay and journey time totals would be flow weighted a 
little disproportionately ; but it is apparent that flow weighting
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Fuel consumption/speeds plots for three simple movements.
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could exaggerate the effects of particular link totals on fuel 
consumption out of all proportion. Even if the signal at B were kept 
permanently on green for approach AB, some delay-related consumption 
would accrue on AB. Flow weighting this would be a nonsense.
A means of avoiding this is to place the timing points 
midway between intersections, and then all the delays related to one 
intersection could be identified with the links to downstream nodes.
Simple flow weighting is therefore not appropriate. Fuel 
consumption would need to be increased on some links and decreased on 
others if the real causative fuel/delay relationship is to be 
preserved. But while the data did not allow flow weighting, it will 
be recalled that the more important movements were surveyed more 
times (by more car routes passing through these movements); so, in 
some sense, flow weighting is to a limited degree included in the 
routes driven. As an example of this, consider the northern 
junctions of Foleshill Road ( Figure 5.9 above). At the junction 
with Cross Road each of the Foleshill Road approaches is surveyed 
three times and the Cross Road approach twice. Just further south, 
Foleshill Road is surveyed 3 times southbound, 4 times northbound, 
twice from Station Road West and once from Station Road East.
At Broad Street, the movements surveyed are:
S -NE 4 
S - E 2 
NE- S 3 
E - S 2 
E -NE 0 
NE- E 0
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The major intersection of Foleshill Road and Lockhurst lane is 
surveyed 17 times as follows
S -NW 3
NW- S 3
S -NE 4
NE- S 3
NE- E 1
NE-NW 1 
NW-NE 2
It is not suggested that this is in any way a good 
substitute for full flow weighting of properly allocated fuel 
consumption. It is however indicative of the way the relative 
magnitude of the various flows have been recorded by the survey data.
The problem of fuel consumption accruing on a different 
part of the network from the point where the delays causing the 
excess consumption occur was avoided by not subdividing the routes 
into sections. Comparisons were made on whole trips under each 
signal system, rather than parts of trips. This introduces other 
problems discussed below.
5.10.3 Problems of using complete survey routes for signal regime 
comparisons.
Given that flow weighting the data collected does not 
appear reasonable, whole journey routes were used, unweighted, for 
the comparison* The principal objection to this is that part of each 
survey route is not included in the signal control area. Several of 
the runs use the Coventry Inner Ringway to pass from the Foleshill 
Road area to the Spon End area, and in the North of the Foleshill 
area a loop of about 2.5 km is used to travel from the outer limit of 
the survey on Foleshill road to the outer limit on Lockhurst Lane, 
(via Lythall's Lane and Sunningdale Avenue.)
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Three routes (05, 07, 0E) are affected by the Northern 
loop. Four traverse the Ringway between Foleshill and Spon End (02, 
04, 0D, OF), and a further three routes traverse from Holyhead Road 
to Butts Road (03, 0A, 0B); the former being up to 1.5 km and the 
latter 0.5 km along the Ringway. It has been suggested that the 
inclusion of these two sections of road outside the survey area might 
invalidate the comparisons of signal regimes. There are only two 
ways in which this could happen:-
First, real differences in the survey area could be 
obscured because the variables recorded include a random element; 
real differences in journey time would not appear significant because 
the real differences would appear as smaller proportions of the total 
when the journey included part of the Ringway. Even if no variation 
occurs on the Ringway the significance of the variation in the survey 
area could be lost.
This criticism is accepted. However, if the sections 
outside the signal control area are at most 25 percent of the total 
journey - and often much less, it would not be reasonable to explain 
away increases in journey time or fuel consumption when decreases in 
journey time or fuel consumption were expected.
To accommodate this criticism, routes wholly within the 
survey area were examined separately (i.e. routes 00, 01, 06, 08, 09 
and 0C).
The second criticism voiced is that general variations 
outside the survey area will affect the comparisons.
This criticism does not seem reasonable.
The two weeks selected for comparison were carefully chosen 
to avoid any major constraints (such as roadworks ) which would 
affect the results. The work diary was consulted, and no entries in 
it would lead to the suggestion that there were any major external 
influences which would upset the data analysis. Any major holdups on 
the Ringway would not pass unnoticed; the Northern loop was so 
lightly trafficked as to have no possible influence on the drivers 
completing the loop. If there were any major area-wide traffic or
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other effects sufficient to undermine the paired T Test comparisons 
discussed below, then these would invalidate any comparisons of any 
of the data. Thus if the school holidays had begun during the survey, 
then this would invalidate comparisons on any basis - by link, by 
route, by area, by signal; there are no notes of any major effects 
in the survey work diary. Without the benefit of a complete control 
area of the same size, it must be concluded that comparison by route 
is as valid as comparison by link, if there are no known outside 
influences.
Proper comparison of the data from Coventry should 
rightfully be confined to those routes in which the same driver was 
used on each run under both signal regimes. Some more general 
comparisons are made in the data below (for evaluation against other 
methods of analysis if required) but these should be treated with 
EXTREME CAUTION, as the data includes variability from differences in 
drivers. To accommodate the valid criticism above, MOST WEIGHT 
should be given to those results where the survey routes stayed 
largely in the signal control area. There is however some 
justification for accepting the results from all routes as being 
acceptable if the driver used is the same.
5.10.4 Comparison of Signal Regimes -Paired T Tests.
Given that the population means are unknown, then an 
appropriate test for evaluation of differences in samples is the T 
Test. In this case, where it is possible to pair tests before and 
after "treatment" (i.e. with TRANSYT or SCOOT) the paired T Test is 
more powerful, as it reduces the effect of extraneous variables. In 
some of the tests below, different drivers have been used, and the 
results are not of great value; where one driver has been used, the 
paired results have the same driver, route, sequence of route, time 
of day, day of week, and car. All the route variables are also the 
same - rise, fall, angle turned through, and number of junctions.
The paired T Test is therefore quite powerful, and should reveal 
differences in the data, even when, as in this case, the differences 
measured are smaller than the variability in the sample.
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Initially it was thought that a one tailed test was 
appropriate, but once it became clear that some of the results were 
not in the direction that was expected, it was necessary to consider 
a two tailed test - that is, a test for significant difference, 
irrespective of sign. The null hypothesis tested was that the 
samples did not have a difference in mean, and the alternative 
hypothesis was that there was a significant difference in mean 
between the two sets of data. The level of significance which 
appeared appropriate was 95 percent. 99 percent appears unreasonable 
in view of the considerable variability inherent in traffic data 
collection: a 90 percent level would leave some doubt about the
validity of investment. (Signal control systems to control 
significant areas cost in UK upwards ofilm. This is not because the 
computing is necessarily that expensive, but that on-street sensors 
and support systems have to be provided.)
5.10.5 Variables examined using the Paired T Tests and description of 
Tables.
All the T Test tables follow page 241.
The following list of variables was examined. In each of 
the T Test Tables below, the variable is described as in this list 
for the first run (UNDER TRANSYT). For computing purposes, the 
identical variable in the T-test pair for the second week (under 
SCOOT) is distinguished by substituting a 2 (e.g. Distance is recorded 
as DIST for week 70 and DIS2 for week 71). The variables examined 
were:-
DIST, SPEED, STOPT, STOPTBYJT, NSTOPS, KE, CC, FC, LPERH, JT, KEBYD 
and in some cases JTBYD, as a more precise speed related variable.
The definitions of the variables are given above in Table 
5.5, and in an abbreviated form in the Tables that follow. Tables 
5.32 to 5.41 are in 3 or 4 parts, labelled a-c or a-d. In the first 
vertical section of each table the variable, the number of pairs in 
the sample
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(NUMBER OF CASES) and the mean, SD and Standard error of 
each half of the pair is given. The next section of the Table gives 
the mean of the differences, the SD of the differences and the 
standard error of the differences. The simple correlation is then 
given. If this correlation were to appear negative, the 
justification for pairing would be in doubt, since this would imply 
that an increase in X in the first half of the pairs was matched by a 
decrease in X in the second half of the pairs. This would clearly 
not be expected if the pairings were of any value. The two tailed 
probability of this correlation should not be confused with the two 
tailed probability of the T value, given in the next section of the 
T able.
The last section of the Table identifies the T values.
Given a large number of data the T value for 95 percent significance 
level would need to be about 1.645. The smallest sample is for 24 
pairs, where the T value would increase to 1.714 for the 23 degrees 
of freedom. Negative values of T only signify the direction of 
change, and are as valid as positive values. The two tailed 
probability is given as the tail proportion - 95 percent probability 
of the result indicating a difference in mean would be recorded in 
the table as 0.050.
5.10.6 Results of Paired T Tests.
Throughout the following sections an INCREASE, etcetera, 
means week 71 (SCOOT) greater than week 70 (TRANSYT).
5.10.7 Tests for all drivers.
These tests are included for completeness; the data is 
strongly influenced by the differences in the drivers between the two 
weeks. The results are shown on Table 5.32.
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A few general remarks may be made:- DIST apparently 
increased significantly in the second week. This is not true in the 
case of the driver who repeated both weeks; it is therefore to be 
assumed that the different drivers used slightly different routes; 
this would be possible where the route involved turning in the 
street, or a loop movement. The average increase itself is only 8.4m 
or 0.1 percent. It is an indication of the strength of paired T 
testing that such a fraction can be found highly significant.
JT, the journey time, decreased, though not significantly. Both fuel 
and Kinetic energy increased at the same time. This would suggest 
that increased speed might have been obtained as a result of higher 
acceleration rates, especially as the stopped time increased in week 
71.
No further useful comments can be made, as the driver 
variability makes further analysis doubtful.
5.10.8 Driver 4
Driver 4 completed all runs in both weeks, and the data are 
therefore much more important. It can be seen in Table 5.33a that 
there is a slight increase in average speed though this is not 
significant.
There is a reduction in stopped time, and Table 5.33b shows 
that the number of stops is also down; again the amount is not 
significant. Both fuel and journey time decrease; however only the 
reduction in KE and KE per unit distance (KEBYD) show SIGNIFICANT 
reductions under the SCOOT system.
(Further subdivisions of the data for driver 4 are 
described after the following section on other drivers.)
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5.10.9 Comparisons of other pairs of drivers
It is not possible to use the other paired runs for 
comparisons of signal regimes alone or driver change alone; some 
interesting points which can be seen by comparing the relevant rows 
in Tables 5.34, 5.35, and 5.36 are:
a) Mean JT is reduced in only two of the three driver/signal changes,
with 4.1, 15.6 and -5.6 seconds on JT values of more than 1000 sec. 
None of them is significant.
b) The mean time spent stationary increased in two driver/signal
changes, in one case SIGNIFICANTLY; the other driver/signal change
produced a non-significant decrease. The nonsignificant changes can 
be seen in the tables to be substantial.
c) The proportion of time spent stationary (STBYJT) increased 
SIGNIFICANTLY in two driver/signal changes, and decreased 
SIGNIFICANTLY in the third. KE change was SIGNIFICANTLY higher in 
two driver/signal changes, and non-significantly lower in one; more 
importantly
d) Fuel used, CC, was SIGNIFICANTLY GREATER on two driver/signal 
changes and less, but not significantly, on the other. The LPERH 
also INCREASED SIGNIFICANTLY on two driver/signal changes.
In the above the change of driver should be emphasised more 
than the change in the signal regime, though both occurred 
simultaneously; it is possible to attribute these changes to the 
signal regime, but in view of the different conclusions drawn when 
the driver was the same throughout, it is thought unlikely that the 
signal change would be the major effect.
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5.10.10 Routes both a) confined to the control area and b) by Driver 
4
As was discussed above, the next subgroup considered were 
those routes which did not have loops of 0.5 - 2 km outside the area 
of signal control. (The contention is that these loops might mask 
significant differences in the shorter lengths which are under signal 
control).
Table 5.37a-d shows T Tests applied to paired runs over 
routes 00, 01, 06, 08, 09 and 0C by Driver 4. These routes do not 
include long loops outside the survey area, though there are of 
necessity some shorter loops where vehicles turn from one signal 
approach to another. Table 5.38a-c shows the same results for the 
runs containing loops outside the survey area; the more interesting 
differences are brought together in Table 5.39. .
Speed changes are SIGNIFICANT only in the limited group 
(Subset A) not containing the longer loops . On average in the other 
runs (Subset B in Table 36) the speed actually decreased.
Kinetic energy changes were SIGNIFICANT reductions in all three 
groups of data, both per run and per km.
The Fuel consumption changes (litres per 100km) are SIGNIFICANT in 
Subset A ; the journey times in this Subset also reduce 
SIGNIFICANTLY.
Initial examination of this data would appear to confirm 
that the longer runs with loops do indeed disguise improvements in 
the fuel consumption as well as improvements in the journey times; 
the improvements are significant at the 5 percent level.
Also revealing was the increase in Journey times in Subset 
B. While this is not significant, it does indicate that some of the 
runs were longer under the SCOOT system.
The above suggested that other subdivisions of the data
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should be considered. The data was first subdivided so that all the 
routes which stayed in the Foleshill Road area were examined 
separately, and the data was also stratified by looking at runs where 
there had been excessive time spent stationary.
5.10.11 Foleshill Road vs other runs.
The data was divided into two subsets. The first - those 
which included any travel in the Spon End area - did reveal one 
significant difference, - the KE losses were SIGNIFICANTLY reduced.
The Foleshill Road data are output in Table 5.40a -c As 
with the non-Foleshill Road data, KE reductions are SIGNIFICANT, but 
while there are improvements in both journey time and fuel 
consumption, they are not sufficient to be significant at the 10 
percent level, and certainly not at the 5 percent level.
5.10.12 Comparisons of runs without excessive delays
Comparisons were made of the data as before but excluding 
runs with excessive delays. Excessive delay is a vague term, but to 
examine "normal" runs, those runs with more than 240 seconds stopped 
time were identified. 4 minutes spent stationary is an arbitrary 
choice; it represents about a quarter of the time taken to complete 
a run. Being stationary for more than a quarter of a journey could 
be taken as a definition of high, or even excessive, delay.
Of the 58 pairs of clean runs by driver 4, twelve were 
eliminated in this way. Only in 2 cases did excessive delay occur on 
the same run at the same time on the same day of the week; (these 
could be regarded as "normal" in so far as they repeated:- they were 
however eliminated). The 46 pairs of runs remaining were compared as
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before using the Paired T Test. The results are given in Table 5.41 
a-c. As with many other tests above, the only SIGNIFICANT change was 
in the KE loss ; improvements in fuel consumption and in journey 
time were recorded, but not in significant quantity.
5.10.13 Discussion of the T test results.
It is clear from the above that no worthwhile comparisons 
can be made when the drivers are changed as well as the signal 
regime.
Taking all the results for Driver 4, no clear results 
emerge, though there are trends towards improvement under SCOOT.
When the routes considered are restricted to the Foleshill 
Road area and to Driver 4, but routes with loops outside the area are 
included, the trends in the data are again all in the same direction, 
but not at significant levels.
When however the data is restricted to Driver 4 and to 
those routes where the survey car does not leave either survey area 
for any lengthy detours then the T tests show that significant 
reductions in JOURNEY TIME, KINETIC ENERGY LOSS and FUEL CONSUMPTION 
occur, and a significant increase in SPEED occurs.
These conclusions must however be viewed with some 
scepticism, as there would not appear to be any strong reason why the 
routes which went outside the survey area should have, in some cases, 
suffered worsening journey time, fuel consumption and stopped time, 
and decreased speed.
If this worsening of conditions was caused by the signal 
regime changes, there is some doubt placed on the efficiency of the 
signal systems. This seems unlikely in the light of the results from 
the data wholly inside the survey areas.
If the worsening is due to some external but unrecorded
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influence, there may have been some worsening of all the data 
throughout the survey area. (It must be remembered that these routes 
with loops outside the control areas are nevertheless inside the 
survey area for a large proportion of their total length. They are 
not therefore to be disregarded easily.) An external influence 
cannot be discounted; there no concrete evidence apart from the 
statistical data but there is clearly some effect other than the 
change from TRANSYT to SCOOT.
If the worsening only occurs on the sections outside the 
survey area and this is a feature restricted to these areas, then the 
data from the routes including loops outside the survey areas can 
safely be ignored. This is however unsatisfactory, as there is no 
explanation as to why two sections of route outside the survey area 
should both simultaneously and significantly appear to have unusual 
characteristics.
Without access to the individual runs and some very 
detailed scrutiny of each of the Distance/fuel/time plots this 
worsening cannot be pinpointed. The statistical inferences of the 
data are clear; in two of the three explanations of the worsening in 
routes with loops, the conclusions of significant improvements in the 
data without loops can be supported as being correct; and while there 
would seem to be a need for more work in this area, the general 
conclusion could be drawn that the change of signal regime did 
produce significant savings in fuel as well as in time.
5.11 Conclusions to Chapter 5
In general, the Coventry Data has produced useful expressions 
for the consumption of fuel based on distance, journey time, and number 
of stops and on distance, journey time, number of stops and KE loss 
which explain 68 percent of the variability in the data from 7 drivers. 
The Multiple Regression method used (stepwise inclusion of variables) 
entered NSTOPS ahead of journey time (JT) on many of the MRs on subsets 
of data, indicating that it is at least as strong a predictor of fuel 
consumption as journey time in the urban traffic environment.
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With some drivers, the KE loss term was a better predictor 
than NSTOPS, and for all of the drivers NSTOPS and KE were never 
entered together; this in spite of the lower than expected simple 
correlation between KE and NSTOPS.
The usefulness of expending effort in collecting KE data 
requires further examination; if data from elsewhere, analysed in the 
same detail, can demonstrate that KE and NSTOPS are mutually exclusive 
once distance and journey time are accepted as predictors of fuel, then 
as the number of stops can be more easily identified than KE it may be 
unnecessary to collect data on KE at all.
Conclusions from the survey on the effect of road alignment 
are that, only in so far as they cause perturbations in the traffic 
stream are the route parameters of importance. In the data for all 
drivers, the rise (RISE) and number of junctions (NJCTN) are 
significant but unimportant once the KE loss has been accounted for - 
any additional contribution to total fuel consumption appears slight, 
and the effect of omitting these parameters from the estimating 
equations is very little indeed. It should also be noted that NJCTN 
appears as a stronger predictor, with a higher simple correlation to 
fuel consumption, than does ANGLE. The effect of comparatively 
tortuous routes appears largely in the longitudinal KE changes they 
cause, as might be expected; the effect of lateral accelerations is 
small in comparison to this. In so far as a hillier district would 
naturally lead to differences in consumption the data cannot be 
extended too far as an estimator of total consumption; but the 
equations derived would apply to the differences in consumption caused 
by perturbations in whatever area the vehicles ran, provided that the 
topography was not such that different gear selection or different 
engine loads were introduced.
The differences between drivers can be seen; this is clear 
in the comparison of signal control regimes. The driver differences 
are such that results contrary to those expected (in both journey time 
and fuel consumption) were obtained when the driver in one situation 
was substituted for a different driver in another. When one driver was 
used, and the runs examined were restricted to routes which had 
remained within one or other of the two control areas, then signifiant 
savings in fuel were obtained. The savings were accompanied by
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reductions in journey time and kinetic energy losses, and by 
improvements in speed. All of these were significant changes. Lesser 
savings appear when all the routes driven by Driver 4 are included.
Remembering that the SCOOT system was arranged to optimise 
journey times, with a nominal weighting for stops, it can be seen that 
if the SCOOT system were arranged to place more emphasis on stops, it 
might well be possible to improve on the above results.
Another major point concluded from the above was that placing 
timing points midway between intersections would appear to be a better 
system than placing them at intersections; this is because some delay 
and much of the excess fuel consumption associated with a junction 
accrue immediately downstream of that junction.
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6 CHAPTER SIX COMMERCIAL VEHICLE CONSUMPTION.
Summary
This Chapter reviews some recent studies which have produced 
data relating fuel consumption of heavy commercial vehicles to the 
speeds at which those vehicles travelled. The data from various sources 
have been considered both separately and combined to try to produce a 
revised formula for commercial vehicle consumption. The data used are 
in Appendix 6.1 and are described below. Segregation of the data to 
cover loaded and partloaded vehicles, low journey speeds, and for urban 
conditions has been made, and the resulting expressions compared with 
those produced by Everall (6.1) and others. It is suggested that the 
equations derived can be used to estimate the fuel consumption of 
commercial vehicles, given that the distribution of mileage by vehicles 
of different gross vehicle weight can be determined. It is suggested 
that there is a need to investigate fully laden and part laden vehicles 
separately.
6.1 Introduction
As in the previous Chapter, the objective of this Chapter is 
to try to provide the useful expressions required by traffic engineers 
rather than by vehicle designers or operators, and so none of the many 
and detailed experiments to improve the design of vehicles or engines 
are reported. The papers discussed are those which have data on 
general speed/fuel consumption characteristics for modern commercial 
vehicles. In the data identified by the author, little reference to 
the route or traffic conditions was made. Generally mean speeds and 
mean fuel consumptions were quoted, and for all the data finally used 
the GVW and the BHP were identified either from the source or from 
personal inquiry. From this data, multiples and combinations of 
variables can be obtained, and as this form of reporting is likely to 
continue, it appeared appropriate to identify the combination of 
variables available which was most likely to provide a good practical
PAGE 270
Commercial vehicle consumption
prediction of fuel consumption. It is accepted that a more detailed 
analysis should be made of commercial vehicle consumption, as has been 
made for car consumption in the previous chapter. The use of 
Tachograph recorders with a fuel meter would be one method of data 
collection, but though this would appear an inexpensive method there 
will be considerable difficulty in cross-referencing the fuel and 
velocity records, and the more sophisticated data collection methods 
used by the researchers mentioned below will have to be applied to 
fuel consumption measurements particularly in urban areas if more 
accurate forecasting of commercial vehicle fuel consumption is 
required..
6.2 Methods used
Recent researchers have not followed Everall's methodology 
in trying to derive a general relationship for commercial vehicle 
consumption, as their objectives have been the evaluation of specific 
physical components of vehicles, or the establishment of models of 
particular vehicle trips. Where authors have included a general 
analysis of the data, it has usually been the statistical "best fit" 
that has been recorded, without an explanation as to whether this 
result is a good model, or whether the model can be justified from 
theoretical grounds. None of the recent surveys has looked 
specifically at the urban fuel consumption problem yet much of the 
total journey of any commercial vehicle will be in urban conditions. 
In this analysis each source of data is considered separately, and 
then the whole data have been reviewed and finally the urban data has 
been extracted. The urban and nonurban results are then compared.
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6»3 Theoretical relationships and practical problems.
One of the major problems with recording fuel consumption 
for commercial vehicles is that almost all modern commercial vehicles 
are diesel engined; there is a continuous flow of diesel fuel to and 
from the fuel tank, and it is from this large flow that the smaller 
consumption by the engine is extracted. (This happens too in modern 
spark ignition engines, but only as far as the fuel pump). In the 
diesel engine the fuel goes into the injection pump and only has a 
separate and pulsating flow at the outlet to each cylinder.
For traffic engineering, this is fortunately not a major 
problem ; the time scale is such that if a very small header tank is 
used, fuel can be measured up to this point. The time lag between 
actual consumption and the increase of flow to the header tank may be 
up to several seconds, but this will suffice for many applications.
It is also worth noting that the carburettor on a spark 
ignition may affect results too. Some work by the author in 1973/4 
with a Landrover was abortive because the carburettor fitted was 
sensitive to accelerations and decelerations. Fuel would surge into 
the carburettor on deceleration at the signal being investigated and 
the subsequent acceleration did not appear as a major fuel consumption 
phase.
For any individual goods vehicle the expected form of a general model 
of fuel consumption can be built up from the Lumped Coefficient Model 
that Watson (6.2) has used for cars :
FC = Ka + Kb/V + Kc.V +Kd.((dv/dt)l/V) Eq.6.1
For a detailed analysis of commercial vehicles, the tachographs 
carried by commercial vehicles could be used to derive the speed 
differential term, and this is suggested in the section for further 
work. However, the accurate record this would give cannot be used for 
prediction purposes unless and until the Kinetic Energy (KE) changes 
in urban traffic have been identified, and related to more easily 
predicted variables.
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Making the gross assumption that all vehicle trajectories 
will be similar, the above equation could be extended to all vehicles 
but would not at present be a useful model even if the KE term could 
be predicted. This is because there are different fuels used for 
commercial and private vehicles, and the drivers and vehicles are very 
different in behaviour and performance. It is however worthwhile to 
try to provide an overall commercial fuel consumption equation, but 
without, at present, the KE term. Watson(6.2) and Evans et al (6.3) 
have pointed out that Ka represents the consumption used in overcoming 
the vehicle resistance losses, and Kb represents the idle consumption 
rate. Kc will be affected chiefly by changes in aerodynamic drag, as 
pointed out by Bayley(6.4). The coefficient Kd, attached to the 
acceleration term, will obviously be affected by vehicle mass. (For 
further discussion of this point see Chapter 3).
For commercial vehicles operating in generally steady speed 
conditions, the fuel consumption might be considered to be related to 
terms in:
GVW, GVW.V, GVW.V2,
though, as discussed below, a speed squared term may be substituted 
for the GVW.V2 term.
6.3.1 Aerodynamic Drag
It is by no means the case that GVW and aerodynamic drag 
are related for commercial vehicles. The overall shape of the 
larger commercial vehicles (and all the container-based vehicles) 
varies with load bulk rather than weight; there is unlikely to be a 
strong relationship between steady speed fuel consumption and a term
o '  o
as GVW.V , and it is possible to argue that a term in V would be 
more appropriate, as this assumes that the differences between 
vehicle shapes are less important, and that a typical shape factor 
could be adopted for commercial vehicles for fuel consumption 
purposes. (See section 6.3.4 below, under Sources 3 and 4).
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As was suggested in chapter 3, the prediction of 
fuel consumption across a range of vehicles leads to considerable 
difficulty, and the route and traffic conditions in which the 
vehicle is being driven will affect the consumption just as much as 
the mean speed and the engine power.
6.3.2 Topography.
Given that the terrain is known, the fuel consumption will 
be related to potential energy (PE) changes experienced by the 
vehicle, since engines are not equally efficient over the whole of 
their operating conditions, and loss of energy due to braking occurs 
on down gradients. The usual way of introducing this is by terms in 
rise and fall per km.
If the topography is unknown, then unless all vehicles 
traverse the same route in the same conditions, any model 
predictions based on speed are likely to be poor. (That is, unless 
the trips are long or have many speed variations in comparison to 
the PE changes. This will reduce the percentage effect though not 
the actual effect of gradients. The model will predict most of the 
variation, but not necessarily identify the P E component of 
consumption.) Of course if the route topography is unknown but 
similar for each vehicle, the model would predict fuel consumption 
but the data could not be transferred easily to other routes as the 
effect of PE would be included in the coefficients of the speed 
related terms.
6.3.3 Summary.
To summarise:
For steady speed a good model might be 
FC^<. GVW.(f(V) +b.RISE + c.FALL)+ d.V2 Eq.6.2 •
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with the expectation that f(V) would be in the form 
2aV +afV + constant.
Alternatively, following Amman $t al, (6.5) the form of f(V) could 
be
a/V + a!V +a’ fj(integral (a.v.dt) over the journey)
From practical consideration of engines, it would be 
reasonable to suggest that BHP/V could be as good a term as GVW/V to 
represent the variable for which the idle consumption is the 
coefficient. The above formulae should allow reasonable prediction 
of trips in rural conditions, but urban areas will include much 
greater speed variation, and the effects of aerodynamic shape will 
be much less because of the generally lower speeds.
As the data available for the present work do not include 
terms in rise and fall this is not considered further; for the 
formula without rise and fall, the nearest representation of the 
consumption that the data are likely to support should be of the 
form
FC*< GVW.( f(V)) + V2 +BHP/V Eq.6.3
The variables, however, will not always have the same strength of 
relationship, depending on factors relating to the route and the 
range of particular variables.
6.3.4 The Practical effect Power to Weight ratio.
As it is often discussed in the context of fuel 
consumption, the inclusion of power-to-weight ratio (PWR) as a 
variable when more than one type of vehicle is included in the 
analysis has been considered.
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The effect of change of PWR on fuel consumption is not
obvious, even if the effect of driving technique is set aside.
Given constant GVW, rolling resistance and aerodynamic shape, then a 
theoretical increase in PWR might mean a less efficient engine 
operation and, therefore, worse fuel consumption; or it might mean 
better consumption if the drive-'train gearing were to be better 
used. But it could be expected that if drivers have more power 
available, their driving technique will change; the greater might 
be the acceleration rates (and the greater the possibility for 
kinetic energy changes). If this is so, then the fuel consumed 
would be increased for increases in power-to-weight ratio.
It could in practice be expected that the term would be
both positively and negatively related to fuel consumption, the 
further complications being:-
a) higher acceleration as a result of higher power could 
be reflected in higher mean speeds, and this will already 
appear in the expressions in the GVW.( f(V)) terms. If 
vehicles operate over a large speed range so that 
aerodynamic drag becomes important, a U shaped 
relationship between fuel consumption and speed would be 
expected. The effect of increased PWR would depend on 
whether the speed change produced was upwards towards the 
optimum speed, or upwards but above and away from the 
optimum speed.
Consider Figure 6.1a. The change A-B would 
produce a reduction in fuel consumption, and the change 
C-D would give an increase in fuel consumption.
If the change in PWR also means a change of 
engine or, if a different vehicle is considered for moving 
the same load, then it is entirely possible for the 
changes to be in the opposite sense from those above; 
thus the change R-S is a change towards the optimum speed 
in both PWR configurations, but there is an overall fuel 
increase; the change T-U is upwards and away from the 
optimum speed, but the change produces a reduction in 
consumption.
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Figures 6.1a and 6.1b . The effect of PWR changes on 
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This second case is by no means unlikely: as
Figure (6.1b) shows the steady speed fuel plots for two 
16.3 t. commercial vehicles empty and equally loaded.
The PWR of the Volvo is twice that of the Ford ; there 
are conditions in which the Ford provides a more 
economical carrier, but above 60 kph laden and 70 kph 
unladen the Volvo is more economical.
b) higher power will mean that more variation between 
drivers is possible, and this variable would be a measure 
subject to particularly unpredictable variation. This is 
discussed more fully below.
c) it is also generally true that for most commercial 
vehicles power-to-weight ratio is low, and in current 
range of designs PWR decreases with increased gross 
vehicle weight and consequently with load carrying 
capacity, see Figure 6.2. Source 51 is data from the 
'Commercial Motor1, defined more fully below. Everall.1 s 
vehicle PWR are also shown for comparison. Excess 
installed power is, from the manufacturer's viewpoint, a 
waste if vehicle performance is not a major determinant of 
vehicle sales. Low PWR at full load would appear to be 
current practice. Further it can be said that lower PWR 
would appear to go hand in hand with higher load carrying 
capacity. Thus for loaded vehicles, PWR would tend to 
decrease with total GVW, but for empty vehicles the PWR 
would probably not decrease so rapidly, or it might even 
increase with GVW. This is because the overall design of 
larger vehicles tends to be more efficient.
Overall this suggests there might be a difference in fuel 
consumption characteristics between loaded and part-loaded 
commercial vehicles. This is particularly relevant to data from 
Source 5 and 6 (the Commercial Motor Magazine ) all of which are 
results from tests on fully laden commercial vehicles.
This testing of fully loaded vehicles will have several 
conflicting results:
First, because manufacturers do not produce
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vehicles with higher installed power than is needed, PWR 
is not only lower in these tested samples than is usual in 
the vehicle fleet, but tends to be insufficient for rapid 
acceleration. Because the PWR is lower, the engine is 
working at higher load factors for more of the time and 
consequently is more efficient than the average condition 
under average load. This will lead to a lower fuel 
consumption per unit GVW per unit speed than will apply to 
the whole vehicle fleet when operating on normal business 
(though, of course, the actual consumption per km at given 
speed will be lower at lower loads).
As an example to illustrate this point, consider 
the following:
A GVW of 32 tonnes would tend to be more 
fuel-efficient when the 32 tonnes represents a fully laden 
vehicle designed for this GVW rather than if 32 tonnes 
represents a part laden vehicle designed for 38 tonnes. 
This has nothing to do with the economics of vehicle size, 
which effects what size vehicle should be used for 
economic carriage of the given payload. As the payload 
forms a larger part of the 38 tonne vehicle, it may be a 
more economic load carrier of 38 tonne payloads. It may 
or may not be a more economic carrier of lesser loads 
which can be carried on smaller vehicles. What is under 
discussion here is whether, given certain sizes of lorry, 
it is proper to assess them only when fully loaded if the 
result is subsequently to be used to characterise the 
whole vehicle fleet, which operates at various load 
conditions.
If the only 32 tonne vehicles are fully loaded ones, it is 
evident that this may introduce some bias into the results.
Second that, if there is "spare” power, then 
driver behaviour may be different. Personal observation 
suggests that unladen commercial vehicles not only travel 
at higher speed, but are driven near to their performance 
capability. Whether this is statistically valid is open
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to question, but what is certain is that it is possible 
for drivers to "waste" fuel when the vehicle is empty, 
either by driving at higher speed, or by greater use of 
the power for accelerating the vehicle. Using the same 
example as before, the 32 tonne vehicle fully loaded would 
tend to be driven at, or more precisely would tend only to 
be capable of, lower speed than a 38 tonne vehicle 
operating at 32 t GVW. If, on the other hand, they had 
the same average speed then the 38 tonne vehicle would 
tend to have a higher fuel consumption because it is 
likely to have achieved that average speed by overcoming 
longer delays by stronger accelerations and higher speeds 
where possible.
This difference may be more pronounced in urban conditions 
where there is greater speed variablity than in rural conditions.
It also suggests that difference in driving techniques will be more 
apparent in urban driving than in rural driving.
Thus, while it might be supposed initially that the 
cross-correlation of PWR and GVW was such that they would always act 
in the same sense, this may not be so. It was decided to use PWR as 
a variable because in practice, as opposed to theoretically it might 
act in the opposite sense to GVW. PWR might explain some extra 
variation in the data if both were included.
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6.4 Analysis of Commercial vehicle fuel consumption data by Source.
6.4.1 General.
Nine sources of fuel consumption data for modern commercial vehicles 
were identified, and these are considered separately, and in various 
subgroups and cross-groupings, and the results of analysis compared 
with
a) the formulae quoted by the various researchers, where these 
are applicable,
and
b) the results obtained by Everall.
(The results obtained by Everall are discussed in some detail in 
Chapter(4), and Everall is called Source 1 in all the Tables below). 
The definitions of the variables considered in the analysis are 
given overleaf.
The results of these comparisons are then summarised and 
recommended formulae for commercial vehicle consumption are given 
for general use, and for urban and rural conditions. Each Main 
Source is considered in turn, with any subgroups; combinations of 
sources are then examined.
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Sources of data and individual results.
6.4.2 Source 2
Renouf (6.6) simulated the fuel consumption of a heavy 
goods vehicle, and gives in his Table 3, (reproduced as Table(6.1) 
experimental results for various sections of road in urban and rural 
areas, which he then used to evaluate the simulation. These data 
are plotted on Figure 6.3a and 6.3b. (Renouf is described in the
Tables of Data as Source 2, 28 and 29 (see below).)
Renouf*s data are for a Foden 6x2 articulated tractor unit 
with a two axle flatbed trailer, powered by a Rolls Royce 350 bhp 
engine. Details are given in reference (6.4). It can be seen that 
Renouf has a larger speed variation and that the speeds are lower 
than Williams' speeds(Source 3 and 4 below) and that there is a good
spread of load conditions. Taken on their own, Renouf’s data give
the relationship
FC = 0.89 GVW + 18.25 
(32)
R2 = 0.52
This expression is plotted on Figure 6.3a, and the large variability 
unexplained by GVW is evident. The above expression is comparable 
to that of Williams' earlier work (discussed below) the difference 
in coefficient being such that over the range of loads used by both 
authors the differences amount to less than 10 percent, despite the 
different vehicles.
Renouf's data can be explained by gross vehicle weight and 
inverse speed, either taken as additive terms or combined:
Eq.6.2 
(31 cases)
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TABLE 6.1 
Data from Renouf (Ref. 6.5)
Weight Section
EXPERIMENTAL RESULTS "Source"
Fuel 
Litres/100 kms^
Speed
Metres/sec km/hr
14.1 tonnes Urban (Central) 40.2 7.7 27.2 29
Urban (Outer) 32.4 11.3 40.6 29
Motorway 26.1 19.7 70.9 2
Rural 1 38.6 12.8 46.1 28
Rural 2 28.2 15.6 56.1 2
Rural 3 26.7 15.6 56.2 2
Rural 4 30.7 17.5 63.0 2
Rural 5 31.6 11.2 40.3 28
Rural 6 28.4 16.3 58.7 28
Rural 7 31.0 18.0 64.8 2
Rural 8 30.0 13.3 47.9 28
25.1 tonnes Urban (Central) - -
Urban (Outer) -
Motorway 32.5 19.1 68.8 . 2
Rural 1 56.2 10.6 38.2 28
Rural 2 38.5 14.6 52.6
Rural 3 34.9 14.9 53.6 2
Rural 4 37.3 17.2 61.9
Rural 5 35.1 13.4 48.2 28
Rural 6 39.6 13.8 49.7 28 •
Rural 7 40.0 18.0 64.8 2
Rural 8 38.9 13.6 48.9 28
32.5 tonnes Urban (Central) 60.9 .8.3 29.9 29
Urban (Outer) 50.0 11.3 40.7 29
Motorway 35.2 19.0 68.4 2
Rural 1 63.8 10.7 .38.5 28
Rural 2 37.8 15.9 57.2 2 .
Rural 3 39.6 14.0 50.4 2
Rural 4 47.3 15.4 55.4 2
Rural 5 47.9 12.1 43.2 28
' Rural 6 49.9 14.2 51.1 28
Rural 7 49.6 17.1 61.6 2
Rural 8 44.0 13.0 46.8 28
Table 6.1 Speed and fuel consumption data for three 
conditions of load (from Renouf, Reference 6.5).
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FC = 0.87 GVW + 262/V -0.30 Eq.6.3
(59) (30) (31 cases)
R2 = 0.77 '
or
FC = 11.6 (GVW/V) +19.2 Eq.6.4
(118) (31 cases)
R2 = 0.80
No further explanation of the data could be obtained with 
GVW, GVW squared, speed, speed squared, inverse speed, BHP/V, and 
the multiples GVW.V, GVW.V2, and PWR. For Renouf’s data the fuel 
consumption increases with journey time (or inverse speed) and not 
the reverse, as was found below for Williams’ data. As can be seen 
from the appropriate sections of Appendix 6.1 the speed range for 
Renouf is greater than for Williams, at both higher and lower speed 
ends of the range, but the experimental results are for a single 
vehicle.
To investigate the data further, they were subdivided into 
three groups, Source 2, Source 28, and Source 29 the subdivisions 
being related to Renouffs description of the route followed. Source 
29 was defined as those entries which are stated to be on urban 
routes, and Source 28 as those entries, classified as rural by 
Renouf, but which operate at comparatively low speed, and which 
contain characteristics such as traffic signals or other junctions 
or features that suggest that interrupted movement occurs rather 
than free flow. The solid lines on Figure 6.3 b show the 
demarkation between the "urban” and "non-urban" data for each 
loading condition. Generally the division appears reasonable (in 
that there is a generally higher consumption for the "urban"
results.) The boundary would be more uniform if two specific
readings were ignored, and the dotted lines followed in Figure 6.3. 
The data were used with the demarkation based on route conditions 
rather than with any adjustment(i.e. the division along the solid 
lines was retained.) The remaining rural and motorway movements 
were retained under the general classification Source 2. The Source 
28 and 29 data were grouped with other urban and low speed data as
described below. Figure 6.3b also indicates the overall trend of
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fuel consumption decreasing with increasing speed; this trend is 
also evident at each of Renouf1s three loading conditions.
The remaining Source 2 data, analysed alone, gave
FC = 0.73 GVW +18.4 
(28)
Eq.6.5 
(15 cases)
R 2 = 0.68
The further expression
FC = 9.3 GVW -0.00082 GVW.V2 -332 GVW/V +18.6 Eq.6.6
(5.6) (5.1) (4.6)
R2 = 0.79
could be justified at the 5 percent level.
6.4.3 Sources 3 and 4
Williams (6.7)analysed the results of track and road tests 
for a number of goods vehicles, and included in his report some 
details of fuel consumption and speed for an AEC Mammoth under 
various load conditions. The vehicle is described in the reference 
given. Data taken from Williams are given in Appendix 1 and are 
described as Source 3 for the test track and Source 4 for Williams' 
short route (in which the test vehicle was driven around the 
environs of Crowthorne, where the test track is situated.) The data 
are plotted on Figure 6.4a and 6.4b. It can be seen that the speed 
range is limited, but the load condition varies widely.
Williams predicted regression coefficients for fuel versus 
GVW. The results -for four vehicles used by Williams are shown in 
Table 6.2. Williams predicts coefficients bO (the constant) and bl 
(Vehicle weight in tonnes), and the results of these predictions for 
vehicles driven round the test track have, as might be expected, 
very high coefficients of determination. Similar coefficients were 
obtained when the data was examined for the AEC Mammoth (though the 
expressions are based on Williams' average values, and there are
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TABLE 6 .2  «
Regression analysis for track test results
.
Vehicle
■
Fuel Consumption 
(litres/100 km) . Correlation
coefficient
bl bo
Volvo 0.80 11.06 0.995
Foden
(Cummins)
0.741 15.70 0.997
Foden
(Eagle)
0.495 20.79 0.999
Leyland 0.695 13.83 0.993
(Buffalo)
All
Vehicles
0.725 14.16 0.961
Fuel consumption (litres/100 km) -.b + b^x
where x = vehicle weight (Mg or tonne)
(W ill iam s’ Table 2 )
Table 6.2 Regression results for fuel vs GVW 
for test track experiments with 4 vehicles, 
(from Williams (Reference 6.7).
Commercial vehicle consumption
only 8 average values.) The reanalysis gave
For the test track 
FC = 0.59 GVW +15.3 Eq.6.7
(127)
R2 =0.984 *
but the result is not really meaningful, as
a) an equally high R2 coefficient can be obtained with the formula
z V 'FC = -0/0211 V* + 71 Eq.6.8
(146)
R2 =0.986
which excludes vehicle mass altogether,
and b) the F value for the speed squared expression is better (146 
to.127) than that for GVW.
The two Equations (6.7 and 6.8) are shown on Figures 6.4a
and 6 .4b
For the short route:
FC = 0.67 G V W +21.7 Eq.6.9
(1210)
R2 = 1.0(precisely 0.998)
but speed could also be introduced:
FC = 30.2 (GVW/V) +23.4 Eq.6.10
(569)
R2 =1.0( precisely 0.996)
These Equations (6.9 and 6.10) are also shown on Figures 
6 .4a and 6.4b.
Taking both sets of data together and, acknowledging that 
they represent very different operating conditions, a good 
explanation of Williams’ data is given by:
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FC = 0.94 GVW - 2093/V +1.1 Eq.6.11
(223) (92)
R2 =0.98
These data are clearly insufficient on their own to provide an 
appraisal and updating of Everall’s data, and they were therefore 
combined with data from elsewhere. However the negative inverse 
journey speed term should be noted - a longer journey time per km 
seems unlikely to produce less the fuel consumption - and the 
strength of the relationship, albeit from a set of averaged points, 
is interesting.
It is also worth noting at this point that Williams also 
compared different vehicle outlines to identify the effect on 
commercial vehicle fuel consumption of aerodynamic drag. The 
results obtained are shown on Figure 6.5. The results are for a 
Volvo, unaltered except for the shape and small changes in weight. 
The results have been plotted to the same scale as many other plots 
in this chapter, and the small overall effect - as compared to speed 
variation in urban areas - can be seen. The effect at steady speeds 
of a container placed on a flatbed vehicle is about a 13 percent 
increase. Aerodynamic shape may be important, but the effect is 
negligible when compared with urban traffic conditions.
6 .4 .'4. Source 5 and 6..
Another source of commercial vehicle fuel consumption data 
is the " Commercial Motor", a weekly magazine. Two types of data 
were incorporated from the magazine: these are discussed below as
Source 5 and Source 6. Data are given in Appendix 6.1.
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6.4.5 Source 5
Source 5 data are taken from the summary sheets published 
in the August 13th, 1983 edition of the magazine (6.8). These 
results are the overall fuel and speed consumption values for 
various vehicles. Those under 5 tonnes were omitted, as it is not 
clear from the data whether the light vehicles are diesel or petrol 
driven. Each of the source 5 data entries is for a fully loaded 
vehicle, running at its maximum GVW.
In so far as the average commercial vehicle travels some 
of the time unloaded, and some part-loaded, careful consideration 
was made as to whether this data should be evaluated in combination 
with other sources.
Expressions were therefore obtained using this data alone
and combined with other data and cross checks were made. It was
hoped that if there were consistent and systematic differences 
caused by the above factors, these would appear in the results; the 
residuals for the various data sets might, when combined, also show 
distinct tendencies.
Before considering the complete set of results from Source
5, it should be noted that each result is for the total fuel used
over one of a number of standard routes, specified in the data 
Appendix 6.1 as :
Table 6.3
Scottish Route 51 1186km 737miles
Midlands Route 52 370km 194miles
London Route 54 not given
Tipper Route 55 237km 124miles
Welsh Route 56 401km 210miles
The Source 5 data are therefore for very much longer
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routes than for the previous sources, and the effects of particular 
rise and fall and of speed perturbations may be less noticeable; 
their overall effect in increasing fuel consumption is still of 
course present. Each "case" is for a different vehicle being driven 
over one of the test routes. There are 82 cases in Source 5.
82 percent of the variability in consumption of Source 5 
data could be explained by the expression 
FC = GVW (1.69 -0.017. V) + 2.81 (BHP/V) + 0.0023/V2 - 1.29
Eq.6 .12
(27) (11) (27) (3.6)
R2= 0.82
For comparison with other data sources, the expressions:
FC = 13.7 + 48.5(GVW/V) Eq.6.13
(275)
R2 = 0.77 
and
FC = 41.8 (GVW/V) + 0.038 BHP +8.1 Eq.6.14
(187) (19)
R2 =0.82 
and
FC = 16.4 + 0.73GVW Eq.6.15
(104)
R2 =0.57 
and
FC = 0.87GVW + 804/V -1.3 Eq.6.16
(242) (69)
R2 = 0.77 
are noted.
As the results were known to be from distinct routes these 
were then investigated separately. Sources 52, 54 and 55 had only 3 
or 4 cases each, and were not therefore examined separately.
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6.4.6 Source 51.
As can be seen from Table 6.4, the Scottish Route ( Source 
51,) has a high sample mean GVW value(30.7t.), and many of the 
results are for 32 and 38 tonne vehicles.The comparatively high 
overall average speeds (65 kph, with a standard deviation of under 4 
kph) indicates more consistent route conditions than most of the 
other data considered in this report. The poor range of speeds 
virtually eliminates speed related variables from any analysis. The 
only exception was that the variable : (GVW .V) explained 48
percent of the data
FC = 17.5 + 0.010GVW.V Eq.6.17
(36)
R 2 = 0.48
but this expression is only explaining the same variability as the 
GVW term:
FC = 19.1 + 0.60GVW Eq.6.18
(32)
R2 = 0.45
the simple correlation between GVW and GVW.V being 0.98.
Equation 6.18 is plotted on Figure 6.6..
With speed sensibly eliminated, the effect of other 
variables was inspected, though little can be identified from this 
data alone. Table 6.4 shows the simple correlations for Source 51 
data with GVW and Speed-related variables.
Under half the variability in the results was identified 
with variation in vehicle GVW, and the simple correlation between 
BHP and fuel, and between PWR and fuel were poor.
It may be surprising that, even over apparently consistent 
routing, the vehicle power available had very little effect on 
consumption. In the sample, power itself is poorly correlated with 
gross vehicle weight, but the PWR is strongly and negatively related
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to GVW, indicating the usual design practice of lower power for the 
larger vehicles (see Figure 6.2 earlier). Thus, if it is assumed 
that the vehicle has been given enough power to shift the gross 
load, with enough over for mild acceleration, the actual power 
installed makes little difference to fuel consumption on long trips. 
(With the data available, there 'is no way of identifying quite how 
the extra power was used, or whether the higher powered vehicles 
were safer, etc, so an overall judgement on installed power is not 
possible.)
It is clear from the above that PWR appears to have little 
effect on fuel consumption of vehicles on these longer journeys.
No other variable tested (GVW2, V, V 2, 1/V, GVW.V, GVW.V2, 
GVW/V, BHP, PWR, and PWR/V ) added significantly to either of the 
above expressions (6.1? and 6.18).
6.4.7 Source 56
Thirteen vehicles were tested over the Welsh route, again 
with fairly constant average speeds, but the vehicles were generally 
much lighter, having an average GVW of 12.8 tonnes with SD of 3.96t. 
(see summary Table (6.5).) The vehicles had a higher PWR, though 
the installed power was only about half that of those in Source 51; 
as expected the different sample frame produced different fuel/load 
relationships:
FC = 10.3 + 0.84GVW Eq.6.19
(28) (13 cases)
R2 =0.7 2
2.With these lighter vehicles, a (GVW) term could be used to explain 
the data.
FC = 14.6 + 0.036(GVW)2 Eq.6.20
(33)
R2=0.75 .
As before, little additional explanation of the variability could be
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obtained with speed-related terms; and PWR, BHP, and combinations 
of GVW with speed were all not significant at the 5 percent level.
6.4.8 Source 6
The Commercial Motor also records for each vehicle tested 
the fuel consumption over various sections of the route. The most 
recent data available in 1983 were used for vehicles tested during 
the period January 1982 to August 1983. These are listed in 
Appendix 6.1 as Source 6. The same conditions of test apply for the 
vehicles used here as for Source 5 - namely, the vehicles were 
tested at their maximum loaded capacity, and therefore do not 
represent the vehicle fleet on the road, as these are part-loaded or 
empty for some of their journeys. The Summary Table(6.6) shows the 
general data derived from 77 cases.
Limited explanation of the data could be gained from:
FC = 19.7 + 0.59GVW Eq.6.21
(50)
R2= 0.40
In this case, probably because the data have a much wider speed base 
(mean 70.1 kph SD 14.9 ) additional variance could be accounted for: 
FC = 0.37 GVW + 2.8(BHP/V) + 15.6 Eq.6.22
(14) (13) (77 cases)
Rz=0.49
and
FC = 0.50GVW +2.0(BHP/V) + 0.0032V2 +1931/V -30 Eq.6.23
(22) (3.3) (10) (9)
R2 =0.55
It can be seen that the level of variability explained is still low, 
and other combinations of variables tested did not improve the 
level:
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Commercial vehicle consumption
FC = 23.7 + 30.6GVW/V Eq.6.24
(64)
R2 = 0.46 
and
FC = 44 (GVW/V) + 0.0016V2 +9.6 t Eq.6.25
(64) (10)
R2= 0.51
Other variables tested did not produce significant relationships.
6.4.9 Source 7
Williams, Simmons and Jacklin (6.9) carried out several 
tests on fuel consumption of goods vehicles. Their objectives were 
to study aerodynamic drag, thermostatically controlled fans and 
shutters, gear selection strategies and tyre characteristics. The 
effect of route was described, and traffic effects briefly 
considered. The comparison between test track results and road 
conditions can be seen by comparing their Figures 5a and 7 
(reproduced as Figures (6.7a and 6.7b).
The effect of gradient can be identified on the cumulative 
fuel traces on both the "intermediate test" on the normal road 
system and on the test track. Williams et al point out the effect 
of varying the timing of a trip to avoid traffic congestion. The 
traffic conditions on their "short" road route (the intermediate 
test) affected the fuel consumption by 12 percent as between an 
early start run and one later in the day. The free running 
conditions on one test route were 60 percent lower than on their 
urban route.
The data for the urban route were given in diagram form 
(Figure (6.8a)) and the data has been extracted from the diagrams in 
the original report. In order to avoid bias in selecting data 
points, each change of speed was recorded from the speed histogram, 
and the appropriate fuel consumption estimated from the Figure.
This produced 26 data points for short trips (comparable with 
Everall’s sections) and these were included in the subsequent
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analysis. (The data taken from Figure (6.8a) are listed as being 
from Source 7.)
As the data are for one vehicle at one weight, the GVW 
variable cannot be used.
The speed related terms tested were not a good explanation 
of the data. Given 26 cases, F values of above 3.4 will be required 
for each variable if two are used, and above 4.2 for one variable. 
The only expressions where F for the equation and F for the variable 
were both significant at 5 percent were:
FC = 82 - 0.011 V2 Eq.6.26
(20.4)
Rz= 0.46 
and
FC = 105 - 1.04 V Eq.6.27
(24.8)
R2 = 0.50
These two results are plotted with the data points on Figure 6.8b. 
For the speed range given either curve could be used; neither can 
be extended outside the range.
Explanations of half the variability, given the restricted 
nature of the data, are poor; and an expression using inverse speed 
could not be justified.
It is noted here that Williams, Simmons and Jacklin 
obtained a very good regression equation from a range of vehicles 
running over interurban routes. This data (figure 6.9, a 
modification of their Figure 20) is shown with the expression 
FC = 8.66 +1.6GVW - 0.02 GVW2 Eq.6.28
R2=0.91
Williams et al. restrict the use of this expression to interurban 
routes, and point out that different expressions will apply in urban 
areas. Expressions using variables GVW/V, GVW.V, and GVW.V2 were 
examined so that the coefficients derived could be compared directly 
with those found for other data groups.
The expression equivalent to Equation (6.17) for Source 51
data is:
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FC = 105 - 0.034 GVW.V Eq.6.29 
(25)
R2 = 0.51
This expression, for known urban data, is in the opposite 
sense to the expression in Eqn 6.17. The GVW.V variable is now 
negatively related to fuel consumption.
6.4.10 Source 8
Nelson and Underwood (6.10) describe the performance of 
the TREL Quiet Heavy Vehicle. They state that fuel consumption of 
heavy goods vehicles varies approximately linearly with gross 
vehicle weight, giving Williams et al (above Reference 6.9) as the 
source. Williams et al suggest a square law relationship; probably 
Nelson and Underwood meant to quote Williams (6.7) whom they also 
reference. For each month during their trial period (June 1979 to 
February 1982) Nelson and Underwood regressed the results they 
obtained from a diary of travel carried out by the Quiet Heavy 
Vehicle and used the various loadings to predict the consumption 
that would have occurred if the vehicle had been carrying 32.5 
tonnes . The results, for the same vehicle throughout, show a 
variability in Coefficient of determination (Nelson and Underwood 
call this the Correlation coefficient(Table 6.7, their Table 3) 
though it is clear from the text that they mean R2.) The mean value 
they obtain is 0.7 with a range from 0.52 to 0.87. The data for 
December 1979 - which is separately recorded by Nelson and Underwood 
- has been listed as Source 8; the table given (Table 6.8 their 
Figure 1) has times in 15 minute intervals, and only the 18 trips 
longer than two hours were included in the re-analysis. Shorter 
journey times were regarded as only a general estimate, and 
therefore not reliable data. The equation quoted by Nelson and 
Underwood for this period is:
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TABLE 3 (6 -7 )
Fuel consumption and regression constants*
Month Number of journeys
Regression
constants • Correlation 
coefficient
Fuel consumption 
(32.5 tonnes) 
C/100 km
95 per cent 
confidence limits 
C/100 km 
+A ! B
November 1979 89 26.87 1 0.66 0.79 48.46 (37.83)+ 1.76
December 1979 54 30.24 0.61 0.71 49.92 2.40
January 1980 59 31.12 0.47 0.56 46.31 2.72
February 1980 19 28.42 0.59 0.74 47.65 3.77
March 1980 85 27.31 0.59 0.67 46.39 2.09
April 1980 60 26.22 0.63 0.75 46.70 2.20
May 1980 61 25.75 0.65 0.80 47.04 (37.75)+ 1.84
June 1980 71 27.66 0.52 0.70 44.51 1.67
July 1980 60 23.45 0.70 0.76 46.05 2.43
August • 1980 38 30.39 0.50 0.52 46.65 4.44
September 1980 65 27.91 0.46 0.65 42.88 2.12
October 1980 56 29.00 0.48 0.68 44.58 2.28
November 1980 45 27.67 0.57 0.71 46.07 (35.74)+ 2.72
December 1980 56 26.31 0.65 0.75 47.57 2.41
January 1981 31 26.71 0.55 0.58 44.71 4.13
February 1981 54 28.57 0.58 0.64 47.28 2.96
March 1981 58 28.69 0.52 . 0.69 45.59 2.02
April 1981 69 27.83 0.59 0.70 46.92 2.10
May 1981 63 26.58 0.62 0.71 46.69 (37.83)+ 2.42
June 1981 32 26.46 0.65 0.70 47.66 3.48
July 1981 - - - - - -
August 1981 53 28.60 0.43 0.64 42.74 2.34
September 1981 66 28.38 0.59 0.82 47.66 1.48
October 1981 78 27.60 0.64 0.87 48.34 1.20
* Fuel consumption = A + B.GVW 
GVW is the gross vehicle weight in tonnes
i.
Numbers in brackets refer to fuel consumption measurements taken at TRRL.
Table6.7 (from Nelson andUnderwood,Ref.6*9 
& Source 8 )  .
PAGE 309
MONTHLY LISTING 
DECEMBER 1979
Ren Date Origin Destination Distance 
km
Time taken 
hours
Gou
tonne
Fuel used 
1 i tres
TT
90 3/12x79 THRME MRIDENHERD 46 0.75 28.53 22.2 TL
91 3/12/79 MR1DENHERD THRME 47 0.75 27.73 23.7 FB
92 3/12/79 THRME SLOUGH 52 0.75 11.47 17. 1 FB
93 3/12/79 SLOUGH THRME 52 1.00 21.63 19.8 FB
94 4/12/79 THRME HIGH UYCOMBE 32 6.50 11.47 13.3 FB
95 4/12/79 HIGH UYCOMBE THRME 48 0.50 26.71 17.8 FB
96 4/12/79 THRME HIGH UYCOMBE 44 1.00 18.37 18.8 TL
97 4/12/79 HIGH UYCOMBE MRIDENHERD 19 0.25 13.29 12.0 TL
96 4/12/79 MRIDENHERD THRME 46 1.00 29.55 20. 1 TL
99 5/12/79 THRME KIDLINGTON 29 0.75 31.79 14.2 FB
108 5/12/79 KIDLINGTON CHELTNRM 71 1.50 11.47 27.0 FB
101 5/12/79 CHELTNRM BRISTOL 76 1.25 21.63 32.7 FB
102 5/12/79 BRISTOL, THRME 160 3.25 26.71 67. 1 FB
163 6/12/79 THRME RRINHRM 105 2.50 33.61 52.7 TL
184 6/12/79 RRINHRM BRACKNELL 95 2.50 13.29' 35.1 TL
105 6/12/79 BRACKNELL THRME 68 1.56 29.55 30.8 TL
106 7/12/79 THRME SLOUGH' 52 1.00 16.55 20.5 FB
107 7/12/79 SLOUGH THRME 52 1.00 26.71 24.5 FB
108 10/12/79 THRME MRIDENHERD 46 1.00 27.73 19.6 FB
109 10/12/79 MRIDENHERD THRME 47 0.75 29.76 23.8 FB
110 10/12/79 THRME MRIDENHERD 50 1.00 27.73 22.7 FB
111 10/12/79 MRIDENHERD THRME 46 1 .00 29.55 23.5 TL
112 11/12/79 THRME SOUTHAMPTON 138 2.58 18.36 58.7 SC
. 113 11/12/79 SOUTHAMPTON THRME 137 2.25 13.29 51.7 SC
114 12/12/79 THRME UOKINGHRM 69 1.25 12.49 27.0 FB
U S 12/12/79 UOK1NGHRM THRME 69 1.25 16.55 24.9 FB
116 13/12/79 THRME BOU 88 1.75 11.47 33. 1 FB
117 13/12/79 BOU THRME 96 2.50 11.47 39.0 FB
118 14/12/79 THRME STRATFORD 93 2.00 12.49 31.2 FB
119 14/12/79 STRATFORD SILVERSTON 12 0.25 11.47 6. 1 FB
120 14/12/79 SILVERSTON THRME 94 3. 00 31.79 50.9 FB
121 17/12/79 THRME MILWRLL 89 1.75 18.58 46.3 FB
122 17/12/79 MILUflLL MRIDENHERD 62' 1.75 11.47 16.3 FB
123 17/i2/79 MRIDENHERD THRME 50 1.25 29.76 25.8 FB
124 18/12/79 THRME LONDON 92 2.00 30.56 43.9 SC
125 18/12/79 LONDON THRME 107 2.50 13.29 48. 1 SC
126 18/12/79 THRME COWLEY 22 0.50 11.47 6.9 FB
127 18/12/79 COULEY THRME 22 0.5O 21.41 8.4 SC
128 18/12/79 THRME MRIDENHERD 50 1.00 27.73 21.6 FB
129 18/12/79 MRIDENHERD THRME 47 0.75 26. 71 24.8 FB
130 19/12/79 THRME SOUTHAMPTON 138 2.75 19.38 54.4 SC
131 19/12/79 SOUTHRMPTON THRME 139 2.50 13.29 58.4 SC
132 19/12/79 THRME MRIDENHERD 46 1.00 11.47 15.2 FB
133 19/12/79 MRIDENHERD THRME 46 1.00 29.76 20.7 FB
134 20/12/79 THRME NOTTINGHAM 180 2.75 29. 76 78. 1 FB
135 20/12/79 NOTTINGHAM LEICESTER 36 0.58 11.47 12.3 FB
136 20/12/79 LEICESTER THRME 149 2.25 19.60 51.8 FB
137 21/12/79 THRME BARKING 100 2.25 21.63 49.4 FB
138 21/12/79 BARKING THRME 107 2.75 11.47 35.3 FB
139 27/12/79 THRME AYLESBURY 24 0.50 31.58 14.4 TL
140 27/12/79 RYLESBURY THRME 18 0.50 13.29 8.3 TL
141 28/12/79 THRME HRCKBRIDGE 105 2.50 29.55 49.0 TL
142 28/12/79 HRCKBRIDGE THRME 96 2.00 13.29 41.0 TL
143 31/12/79 THRME NOTTINGHAM 191 2.75 29.76 90.5 FB
144 31/12/79 NOTTINGHAM THRME 171 2.50 11.47 61.7 FB
Table 6-8 Example of computer output for December 1979 
from Nelson e ta l. Source 8
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FC = 30.24 + 0.61GVW Eq.6.30
R2 = 0.71
reanalysis gave, for the trips longer than 2 hours 
FC =30.8 + 0.57GVW Eq.6.31
(24)
R2 = 0.60
which is very similar indeed to the previous equation. The poor 
explanation is clear on Figure 6.10, where Eqn 6.31 is plotted. An 
alternative equation with R2 of 0.61 and a similar F is 
FC = 0.013 (GVW)2 + 36.2 Eq.6.32
(25)
None of the terms including speed, and no other multiples of GVW or 
functions of GVW and speed gave useful expressions in which all the 
variables were significantly different from chance. Nelson and 
Underwood state that they obtained better R2 terms using GVW and 
speed, but this is not substantiated as being significant in the 
very limited appraisal of data that is possible from the December 
1979 output.
The data from the Quiet Heavy Vehicle (Source 8) have been 
included in the subsequent combinations of data. This was justified 
in that the TRRL investigators of the vehicle performance state 
that:
" The analysis of vehicle operation confirmed that the 
vehicle was worked normally for this class of vehicle, and 
the fuel consumptions achieved in use were broadly similar 
to those obtained from unmodified conventional articulated 
vehicles of similar power and load factor."
However there is some suspicion that this is not entirely 
true, as Figure 6.12 indicates that the best data fit for Source 8 
is a rather higher result than for other Sources. (This graph is 
referred to again below, but it should be noted here that the Source 
8 data are for normal work, and includes many part-load trips, which 
is significant. As was stated in section 6.3.4, the mean 
consumption for given GVW is expected to be higher for partloaded 
vehicles.)
PAGE 311
100
90
80
70
60
50
40
30
20
10
0
F i a 6 *10
20
GVW i n tonnes
Fue 1 versus GVW
S o u r c e  8 PAGE 312
Commercial vehicle consumption
6.4.11 Source 9 and 10
Simmons (6.11) reported in 1979 a system developed at TRRL 
for the analysis of fuel consumption of commercial vehicles.
Simmons reported in his Table 1 (reproduced here as Table (6.9)) 
results from rural and urban routes for two GVW conditions for a 
Foden three axle tractor unit with a Rolls Royce 350 bhp 
Turbocharged diesel engine drawing a two axle trailer. The urban 
route data are included here as Source 9, and the rural route data 
as Source 10. Maps of the routes and what Simmons calls the "route 
signatures", a descriptive term for the route profile and the speed 
/fuel/accelerator use plots are given in figures (6.11a and 6.11b). 
Simmons draws three straight line plots from his data for fuel 
consumption versus GVW for the track, the urban and the rural data, 
averaging the two different speed results for each of the two load 
conditions. This is hardly justifiable on two points per line, but 
the coefficient of determination is very high. Simmons’ plot is 
implied in the expression (not given by Simmons) of 
FC = 1.00 GVW +21.8 Eq.6.33
(273)
R2 =0.992
And whilst significantly different from zero and not a chance 
result, the improvement:
FC = 1.07 GVW -0.016 V2+ 38.7/ Eq.6.34
(34534) (358)
R2 = 0.99998
(in which the speed term is significant at normal speeds) cannot be 
reasonably considered.
With so few data points, the statistics are not valuable 
-and hardly credible - by themselves but the data have been included 
in the subsequent analysis of combined data, and the V2 term entered 
so that comparison of similar coefficients is possible.
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6.4.12 Comparisons of Sources.
Before combining and regrouping the data, comparisons were 
made for the results obtained from different Sources.
Gross vehicle weight.
Figure (6.12) shows the various predictions for various 
Sources for the simple equation :
FC = a + bGVW
As suggested above, with the exception of the test track results 
(Source 3) it can be seen that there is a clear tendency for those 
predictions based on vehicles laden to their maximum to give lower 
results for all tonneages than the predictions derived from vehicles 
with a spread of load conditions.
From this it appeared worthwhile investigating three 
combinations of data:
i) Combinations of all data;
ii) Combinations of Source 5 and 6 (where all vehicles are fully 
laden) with other data where vehicles are fully laden;
iii) Combinations of data where vehicles have been assessed at 
different load conditions. These three equations have also been 
plotted on Figure(6.12) The expressions are:
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FC = 21.8 + 0.66 GVW (ALL Data) Eq.6.35 (AA on Fig 6.12)
(76) Rz = 0.23
FC = 24.0 + 0.72GVW (Different loadings applied to Vehicles)(BB)
Eq. 6.36
(52) R2= 0.47
and
FC = 18.9 + 0.74 GVW (FULLY laden only; ALL Sources) Eq.6.37(CC) 
(60) R2 = 0.23
From this three things are apparent:
First, that GVW does not by itself give a good explanation 
of the data; indeed, the different expressions found by different 
experimentalists are confirmed. This supports the result found by 
Nelson and'Underwood, who identified different relationships for GVW 
and speed for each month of their survey using the Quiet Heavy 
Vehicle. (Table (6.8 above). While up to 87 percent of variability 
could be attributed to GVW, their average was around 70 percent.
The data examined would suggest that the addition of driver 
variability and vehicle differences would mean that a 50 percent 
explanation might be the most that could be expected using GVW 
(either alone, or as various functions of GVW) to predict total fuel 
consumption.
Second, that even with the poor data fit, it is clear that 
the same relationship with GVW does not hold for all load 
conditions, and this confirms the suggestion made above.
Third, that the slope GVW/FC is remarkably similar in the 
two loading assessments, and that it is really the difference of 
intercept that separates the fully laden data from the variable 
loading data. This evidence, though weak, would suggest that a 
variable unrelated to mass influences the fuel consumption of 
vehicles in the partly loaded condition. This may be just a 
vehicular feature, but it is most likely to be some function of the 
spare power available and the driver's willingness to use it.
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It is also apparent that a square law expression cannot be 
applied to the data to obtain a good fit; and though individual 
experiments will produce linear or square law fits to particular 
data, they are insufficient for use as general predictors. It could 
be concluded that tests with fully loaded vehicles are likely to 
underestimate consumption related to GVW by about 5 l/100km. 
Comparisons of lighter,fully loaded vehicles (for example Source 56) 
can show half the consumption of a Larger partly loaded vehicle with 
the same GVW (for example Source 8) in the 10-20t range.
Other simple comparisons.
As can be seen from the sections above, there were no 
consistently good statistical relationships which appeared regularly 
with several subsets of data which included speed and GVW terms.
This is in part caused by some Sources being for limited ranges of 
speed and other Sources having a limited range of GVW. Given the 
differences between the results for laden and part laden vehicles, 
this lack of consistency is not surprising; nor perhaps is it 
surprising that only in the fully laden cases did strong 
explanations of data appear to fit the theory. It is in the fully 
laden cases that driver behaviour would have least influence. 
Equation 6.12, in which 82 percent of the variability of Source 5 
data is attributed to expected variables is as strong a relationship 
as could be anticipated. Additional variability is known to be 
associated with change in Potential Energy, and different routes in 
Source 5 would more than account for the remaining 18 percent. 
Equation 6.12 is in the form suggested in Equation 6.3, and includes 
a V* term indicative of the high speed sections included in the 
route data.
Power-to-weight ratio did not appear as a significant 
variable in the analysis of any of the individual Source data. It 
did not appear in any of the attempted multiple regression analyses.
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6.5 Combinations and subgroups from original Sources.
The first combination examined was for all the data. A 
stepwise regression program was used, and initially all terms in f(V) 
and GVW.f(V) were considered by the program for regression. It was 
very interesting to note that in each choice between the f(V) and 
GVW.f(V) terms, the GVW.f(V) term was chosen ahead of the equivalent 
f(V) term. As each GVW.f(V) term was about to be entered into the 
expression , the next highest F level in the list of expressions not 
yet entered was the equivalent f(V) term. (See Table 6.10. This gives 
the SPSS output for all the data combined. The stepwise regression 
can be traced and as each new variable is about to be entered from the 
"Variables not in the expression" section, the asterisked F values for 
GVW.r(V) and F(V) can be compared.)
The expression :
FC = GVW (( 4.08 - 0.09V + 0.00061 V2 -11.2/V )) + 17.9 Eq.6.38 
(202) (118) (86) (43)
Rz= 0.63
was derived and it can be noted that all the variables are very 
strong, though the overall coefficient of determination is 0.63. This 
general equation has considerable merit, as it does have a suitable 
form (in that there is is a minimum point on the speed axis, and the 
expressions are a reasonable approximation to those suggested 
theoretically)- The expression cannot be expected to predict each 
source of data very accurately, and there is a clear tendency for the 
heavier vehicles' consumption to be overestimated. In an attempt to 
illustrate this, plots of the fuel consumption versus speed for 
specific GVW values have been made. For example Figure (6.13) shows 
32t. and 32.5t. GVW results for Sources 2, 4, 5, 6, and 9; the ptQc(( 
range Fuel/speed points for GVW between 30t. and 35t. has been 
shaded. The majority of the points(particularly the fully loaded 
vehicles) fall below the expected area. On the other hand, Figure
6.14 shows the prediction plotted for 30.5t. and with Source 7 data 
and a reasonable fit is observed. (It could be expected that the very 
low and very high points on this data, which are for short sections of 
route, are where other elements such as gradient are important.)
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FILE ALLC (CREATION DATE - 04/19/84} CVV SPEED FUEL POWER PLACE
M U L T I P L E  R E C R F .  S S I O N VARIABLE LIST 1
REGRESSION LIST 3
DEPENDENT VARIABLE.. FUEL LIT PER 100 KM
VARIABLE(S} BITERED ON STEP NUMBER 1.. CVW VT IN TONNES
MULTIPLE R 0.49618 ANALYSIS OF VARIANCE DF SUM OF SQUARES MEAN SQUARE F
R SQUARE 0.24619 REGRESSION 1. 9214.03102 9214.103102 80.99709
ADJUSTED R SQUARE 0.24315 RESIDUAL 248. 28211.87298 113.75755
STANDARD ERROR 10.66572
vinTi.Tvo T. ipuc. .ravi.Tnu NOT IN THI5 EQUATION ____
VARIABLE B BETA STD ERROR B F VARIABLE BETA IN PARTIAL TOLERANCE F
CVW 0.6656602 0.49618 0.07396 80.997 SPSQ -0.40732 -0.46838 0.99676 69.416
(CONSTANT} 21.75060 i INW 0.26507 0.30517 0.99915 25.365
KPH -0.47347 -0.54357 0.99355 103.588
CV -0.86500 -0.58435 0.34401 128.077
CA -0.57410 -0.51829 0.61436 90.720
CD 0.27639 0.30151 0.89707 24.700
VARIABLE(S) ENTERED ON STEP NUMBER 2. CV
MULTIPLE R 
R SQUARE
ADJUSTED R SQUARE 
STANDARD ERROR
0.70964
0.50359
0.49958
8.67273
ANALYSIS OF VARIANCE DF 
REGRESSION 2.
RESIDUAL 247.
VARIABLE
VARIABLES IN THE EQUATION — ----
B BETA STD ERROR B
MEAN SQUARE
9423.74875
75.21622
SUM OF SQUARES 
18847.49750 
18578.40650
VARIABLES NOT IN THE EQUATION 
BETA IN PARTIAL TOLERANCE
CVV 1.605556 1.19677 0.10254 245.165 .
CV -0.1451694E-01 . -0.86500 0.00128 128.077'K-
(CONSTANT} 19.47332
VARIABLES} BJTERED ON STEP NUMBER CA
MULTIPLE R 0.75272
R SQUARE 0.56658
ADJUSTED R SQUARE 0.56130
STARDARD ERROR 8.12031
ANALYSIS OF VARIANCE DF 
REGRESSION 3.
RESIDUAL 246.
VARIABLES IN THE EQUATION
VARIABLES} ENTERED ON STEP NUMBER 4..
MULTIPLE R 
R SQUARE
ADJUSTED R SQUARE 
STANDARD ERROR
0.79489
0.63186*
0.62585*
7.49914
ANALYSIS OF VARIANCE DF 
REGRESSION 4.
RESIDUAL 245.
SUM OF SQUARES 
23647.80981 
13778.09419
125.28878
0.16771
0.67893
0.10994
0.02247
0.61325
0.33362 19391
0.362-0.03278 -0.03833
0.1900.05907 0.02780
35.7500.356211.67437
-0.03644 -0.04050
SUM OF SQUARES 
21204.80526 
16221.09874
MEAN SQUARE
107.193367068.26842
65.93943
VARIABLES NOT IN THE EQUATION
VARIABLE B BETA STD ERROR B F VARIABLE BETA IN PARTIAL TOLERANCE F ■
CVW 2.597049 1.93583 0.19161 183.697 SPSQ 0.03142 0.01686 0.12473 0.070
CV -0.5137604E-01 -3.06128 0.00628 66.915 ^ /  INW -0.40152 -0.38131 0.39089 41.683
CA 0.3256046E-03 1.67437 0.00005 35.750' K - ' KPH 0.01477 0.00742 0.10956 0.014
(CONSTANT} 18.73361 CD -0.43191 -0.38808 0.34992 43.441
VARIABLE
CVV
CV
GA
CD
(CONSTANT}
-----  VARIABLES IN THE EQUATION ------ -
B BETA STD ERROR B
4.084816 * 3.04480 0.28682
-0.9051058E-01 * -5-39315 0.00830--
0.6131502E-03 * 3-15303 0.00007
-11.22169 * -0.43191 1.70258
17.87370 *
MEAN SQUARE
►105.125455911.95245
56.23712
VARIABLES NOT IN THE EQUATION
202.825* SPSQ
118.906*
64.816*
43-441
BETA IN
-0.00322
-0.04280
0.00106
PARTIAL TOLERANCE
-0.00187
-0.00920
0.00058
0.12444
0.01701
0.10953
0.001
0.021
0.000
EQUATION 6 -3 8
Table 6.10 Development of Equation 6.38 . Note that at 
each step in the stepwise regression, the GVW.f(V) term 
is entered in preference to the f(V). term.
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Figures 6.13 and 6.14 Plots of 30-32.5t. data with Equation 
6.38 . Figure 6.13 shows all fully laden data from 
Sources 2, 4, 5, 6 and 9 and Figure 6.14 shows the Urban data 
from Source 7. Note the wide range in consumption for 40-50kph.
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As this thesis is concerned with urban conditions, Figure
6.15 shows the same expression with all the urban data. Of the 50 
data points, Equation 6.38 estimates 31 within 20 percent, 
underestimates 7 and overestimates 12. The mis-estimation does not 
appear consistently by GVW or by speed. In so far as the expression 
does not appear greatly biased it could be used for predicting urban 
fuel consumption.
6.6 Goods vehicle consumption in urban areas.
In the above analysis of general fuel consumption of 
commercial goods vehicles no distinction is made as to the type of 
terrain or the traffic conditions in which the trips were made. In 
some cases the data could be distinguished as urban traffic movements, 
and in others (Source 29 above) the data could be identified as being 
similar to urban conditions, though not actually run on urban streets. 
These data were considered separately, and are reviewed below.
For comparison, all those trips having low mean journey 
speeds were also investigated, to see if any consistent pattern could 
be produced.
6.7 Identifiable urban fuel consumption.
Five Sources of urban or near-urban fuel consumption data 
^were identified. These were Sources 7, 9, 28, 29 and 54. The 50 
items of data produced a mean speed of 43 kph, and this is 
considerably above that for central urban travel, where one might 
expect average speeds to range upwards from 20 kph. The gross vehicle 
weight averaged 26.4 tonnes with a S D of 7.3 tonnes, which represents 
all the commercial fleet well, except of.course the light goods 
vehicles which were omitted from the study. As can be seen from Table 
(6.11) the largest simple correlation of fuel consumption for urban 
trips is with the variables GD, GVW, GSQ, followed by INVV, PWR,
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Commercial vehicle consumption
PINVV, and KPH. It can be seen that PWR is very strongly and
negatively correlated with GVW, whereas speed is not (simple
correlation = 0.26), so there is no real chance of the sample speeds 
being biased by vehicle size. (This would not in any case be expected 
in urban traffic.) It is interesting to note that fuel consumption 
has a low simple correlation with t*INVV (that is, Power/Speed) of 
0.12, and a considerably better correlation with 1/V. For the sample, 
1/V is strongly correlated with V and V squared over the speed range
used; for this reason 1/V does not enter any of the regression
equations studied once a multiple of V or V squared has been entered.
Considering the 50 items of data for urban conditions, the 
following expressio'ns were derived;
FC = 1.16 GVW +18.6 Eq 6.39
(13)
R2 = 0.21
GVW is therefore a very poor predictor of fuel consumption, and for 
urban conditions it has little value alone. The R2 value is about 
half that found for other commercial vehicle movements on non-urban 
conditions, and not at all comparable with the mixed movements in 
Source 8.
FC = 2.7GVW -0.030GVW.V +13.5 Eq.6.40a
(58) (36)
R2 = 0.55
The above simple negative relation with speed is again limited, 
especially in that it could not be used outside the observed speed 
range where it would give meaningless results. The same applies when 
the variables are separated;
FC = 1.55GVW -0.83V +45 Eq.6.40b
An inverse speed function did not appear in a simple relationship.
A better relationship could be obtained with multiple 
expressions including PWR;
FC = 4.31GVW -0.10GVW.V +0.00075GVW.V2-1.8PWR/V +29.8 Eq.6.41
(38) (12.7) (5.5) (3.5)
R2 = 0.625
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However, the PWR is unlikely to be known, and even less likely to be 
estimated than GVW and the expression:
FC = GVW( 4.03 - 0.095V + 0.00072V2 +13.7 Eq.6.42
(33) (10) (4.8)
R2 = 0.60
is more useful; and is almost as good an explanation of the data.
This expression (6.42) has been plotted in the same way as 
Eqn 6.38 with specific urban values of GVW selected.Figure 6.16 show 
the results for urban data between 30-32.5t. and for 14-15t. data, 
and the fit obtained for the lower GVW is very good; the higher range 
includes the short trips from Source 7 which are very variable, but 
the overall form of the expression appears a suitable relationship.
6.8 Comparisons of known urban and other low speed goods vehicle 
consumption
An alternative view of urban fuel consumption might be 
derived from a consideration of all the goods vehicle data where the 
average speeds were below a given level. Before commenting in detail 
on the above expressions, this possibility is therefore examined. For 
central urban areas the average speed could be estimated at about 20 
kph but for urban areas generally outside of London, somewhat higher 
average speeds could be appropriate. For the sample of known urban 
data used here the mean speed is 43 kph with a SD of 18, reflecting 
the range of urban conditions in the data.
An examination was therefore made of the fuel consumption of 
goods vehicles up to different average maximum speeds. It was thought 
that the results might show whether there was a consistent pattern to 
fuel consumption as average speed increased. This would be useful in 
future test programmes particularly if the speed sensitivity was 
consistent; it might also clarify whether low (urban) speed was a 
good identifier of urban fuel consumption; low speed conditions in 
rural or other conditions might not be characterised by the same 
relationship between fuel and speed, but the sensitivity to speed 
difference might be compared with the sensitivity in urban areas.
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The known urban data was stratified and various maximum 
speeds selected . A similar stratification was made of the remaining 
data, and the results compared. As there were only two non-urban 
average speeds below 40 kph, comparisons were made for higher speeds 
and maximum speeds of 40, 45, and 50 kph were selected. It is clear 
that the very low speeds found in*central urban areas are not 
represented directly, since the average speeds for the urban data are 
well above-central urban speeds. This is because many of the trips 
recorded are only partly in central urban conditions, though the 
results could nevertheless be considered as appropriate for a general 
representation of urban and suburban conditions. The simple 
correlation coefficients for the usual variables is shown.in Table 
6.12 where the sample size is also given. No comparisons between 
urban and non-urban low speeds results is possible below 40 kph, as 
the sample size is too small.
6.8.1 Comparisons of urban and nonurban data - average speeds less 
than 40 kph
Thirteen non-urban and 21 urban results were compared. The non 
urban results averaged 34.8 kph and the urban results 31.3 kph. 
Correlations between fuel consumption and GVW were similar (0.77 and 
0.73 respectively) and significant ; correlation with (GVW)2 were 
also found. The consumption predicted by GVW was however 
considerably greater in urban areas, even given the same speed band: 
FC = 1.84.GVW + 12.8 for urban Eq.6.43
and
FC = 0.79.GVW +26 for non-urban Eq.6.44
None of the speed-related terms added significantly to the 
explanation for non-urban conditions, but the negative relation 
with speed was significant in the urban data:
FC = 1.99.GVW - 1.05.V + 42 Eq.6.45
(28) (4.0) (21 cases)
R2 = 0.61
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N O N - U R B A N  Goods Vehicles Sources 2-10 U R B A N  Goods Vehicle movements
< 35
SPEED GROUP 
< 4 0  < 4 5 < 50 < 35
SPEED GROUP 
< 4 0  < 4 5 < 50
GVW 0.768 0.431 0.555 0.736 0 .7  26 0.701 0. 559~"
SPSQ -0.194 -0.271 -0.183 -0.145 -0.118 -0.192 -0.473
INW 0.073 0.093 0.084: 0.257 0.222 0.255 0.430
KPH -0.145' •-0.208 -0.168! -0.178 -0.146 -0 .207 -0.462
FUEL 1.000 1.000 1.000> 1.000 1.000 1.000 1.000
GV 0.532 . 0.217 0.364 0.515 0.476 0.416 0.118
PWR 0.062 0.106 0.103' -0.319 —0.18< -0.236 -0.025
PINW -0.562 . -0.228 -0.318 -0.761 -0.694 -0.722 -0 .580
GSQ 0.808 0.407 0.525 0.722 0.715 0.687 0.559
GA 0.453 0.109 0.267 0.366 0.320 0.244 -0.125
GV 0.532 0.217 0.364 0.515 0.476 0.416 0.118
GO 0.156 0.154' 0.179 0.738 0.729 0.736 0.739
BHP -0.113 0. 195 0.234 -0.462 -0.3V9 -0.433 -0.390
Sample 2 13 24 37 IS 21 28 36
Size
GVW . = Gross Vehicle Weight in Tonnes. 
Mean Speed Squared in (kph)2 .SPSQ =
INW = Inverse Speed -  Hours per km.
KPH = Speed.
FUEL = Mean fuel consumption in  L itres per 100 km
GV = GVW x kph.
PWR = ■ (BHP t GVW.)x0-746
PINW = BHP t kph.
GSQ = GVW2. ,
GA = GVW x (kph) .
GV = . GVW x kph.
GO = GVW 7 kph.
BHP = Brake Power in Horsepower.
Table 6.12 Simple correlation coefficients between fuel 
consumption and stated variables for low speed urban and 
non-urban data.
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When all the 34 cases are considered together, the best explanation 
of the data was with the expression:
FC = 0.036(GVW)2 -0.020V2 - 0.56BHP/V + 57 (combined) Eq.6.46 
(34) (9) (6.5)
R2 = 0.58
The correlation of GVW, GVW2 , and BHP/V with fuel are all lower in 
the combined sample than in the separate component samples; the 
correlation of fuel consumption with V 2 in the combined sample is 
however higher. The only other relation noted was that the GVW/V 
term was well correlated with fuel consumption in both sets of data.
6.8.2 Comparisons of urban and nonurban data - average speeds less 
than 45 kph
Twenty four non-urban results were compared with twenty 
eight urban results. The non urban results averaged 38.1 kph and 
the urban results 33.7 kph. As with the lower speed group, good 
correlations with fuel were found for GVW and GVW/V, though the 
non-urban correlation with GVW fell to 0.43. The urban data also 
correlated well with PWR (-0.72). The non-urban consumption became 
less sensitive to variation in GVW, but the urban relationship 
stayed very similar:
FC = 1.71.GVW +13.5 for urban Eq.6.47
(25)
R2 = 0.49 
and
FC = 0.47.GVW +31.7 (for non-urban) Eq.6.48 
(5.0)
R2 = 0.18
This may in part be explained by the number of runs at higher speed 
in the non-urban data, but this is only a contributory factor. For 
the urban data, further explanation of variation could be obtained 
by adding speed related terms thus:
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FC =1.88.GVW -1.05 V +45 (for urban) Eq.6.49 
(36) (7.7)
R2= 0.61 
or
FC= 44GVW/V + 22 (for urban) Eq.6.50 
(30 )
R2 = 0.54
An explanation of 67 percent of the urban data was obtained with:
FC =1.79.GVW - 1.36V -2.1BHP/V + 7 5  (urban) Eq. 6.51 
though the expression is not very sensitive, with small variations 
around a large constant term. As with the 40 kph data, combining 
the two 45 kph subgroups gave worse correlations with most 
variables, though again correlation with V and V2 improved. The 
mean speed of the non-urban sample is greater than the urban sample, 
even given the same maximum speed of the two samples. With the 
combined data, the predominant variable was again the GVW, with a 
correlation of 0.56. As might be expected, the general effect of 
combining the data here was to obtain a mean result with a poorer 
explanation of the variation being produced. The expression:
FC =1.27 GVW -/00144V2 +37 (combined) Eq.6.52
explained 45 percent of the variation, but this is less than GVW
alone for the urban sample.
6.8.3 Comparisons of urban and nonurban data - average speeds less 
than 50 kph
Thirty seven non-urban results were compared with thirty 
six urban data. The non urban results averaged 41.5 kph and the 
urban results 36.8 kph. For the non-urban data, the simple 
correlations between fuel and GVW and (GVW) have reduced ; in the 
urban data a similar reduction is accompanied by a significant rise 
in the correlation with speed-related variables. Interestingly, 
fuel consumption correlation with BHP is positive with the non-urban 
data and negative with the urban data (0.23 and -0.39 respectively) 
though neither is strong. V and V2terms are generally stronger than 
the 1/V term. The relationships between GVW and FC are similar to
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the less than 45 kph group. GVW and V2 terms are statistically 
significant in both cases:
FC = 1.58.GVW -0.018 V2 +37 ( urban conditions) Eq.6.53 
( 29) ( 22)
R2 = 0.58 (36 cases)
and
FC = 0.64.GVW -0.0046V2 +34 ( non-urban conditions ) Eq.6.54 
(19) (3.7)
R2 = 0.37 (37 cases)
In neither case was the addition of an inverse speed term possible 
at the five percent level of significance. However for urban 
conditions the simple expression:
FC = 1.47GVW + 1179 /V -19.4(urban) Eq.6.55 
(33) (33)
was obtained, and this is almost as good an expression as 6.53 
For comparison purposes the following relationships are also 
recorded:
FC = 1.46.GVW + 15 ( urban conditions) Eq.6.56
R2 = 0.31
and
FC = 0.57.GVW +27 for non-urban conditions. Eq.6.57 
R2 = 0.30
When the data are combined, the overall expressions are a 
worse explanation for fuel versus GVW :
FC = 0.97GVW+ 22 (combined) Eq6.58 
(21)
R2 = 0.22
Even though the coefficient of GVW lies between the two sample 
values; this confirms that the difference in relationship extends 
over much of the speed range .
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6.9 Comparison with Everall's data.
It will be recalled that Equation 4.26 explained about 80 percent of 
the variability of fuel consumption in Everall's data, and that a V 
term could not be justified. Equation 4.26 is:
FC = 7.7 +1.19GVW +233/V
No exactly equivalent expression was derived for recent commercial 
vehicles. The two equations to be compared with 4.26 are 6.38 (for 
all results) and 6.42 (for urban conditions.) The data does not allow 
for estimates of fully loaded and partloaded vehicles to be considered 
separately in urban areas.
The three equations have been used to estimate the results 
for Everall’s largest fully laden vehicle and for Source 7, an 
equivalent vehicle in some respects. The GVW for Everall's vehicle is 
29.4t. and the BHP is 179. Source 7 has GVW of 30.5 and BHP ofl90. 
Both sets of data are for shorter sections of working, and show a 
large variability. Source 7 is for known urban conditions, and 
Everall's data are mixed between urban and rural. Figure 6.17a shows 
both sets of results and the three equations are plotted for a GVW of 
30t. Everall's "eye" line is also reproduced as nearly as possible.
Figure 6.17b shows the same data and equations but with all 
the 30-32.5t. vehicle results, rather than just the data from 
Williams and Everall.
A number of conclusions can be drawn:
1 The newer data from Williams et al (Source 7) give 
generally higher fuel consumption, but the discrepancy is particularly 
marked at the lower speeds. The data for all other vehicles at within 
+2t of these vehicles is also generally higher. There are at least 
three possible explanations for this:
First, that in similar circumstances there is a 
real difference in fuel consumption between present day 
vehicles and those of 1968, and that vehicles are actually 
worse now in similar circumstances. This is clearly untrue. 
The ten or more years of development work has generally been
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to produce more efficient engines and better designed 
vehicles.
Second, that the circumstances in which the 
different data were collected were different.This is true 
not only because the traffic conditions are worse generally, 
but also because the variability in the data considered by 
the author is very different from that found by Everall.
This in part reflects real life, but some of Everall’s plots 
of data which are surprisingly consistent, as can be seen in 
the Figures in Chapter 3. These appear to be from far less 
variable speed conditions than the data examined by the 
author.
Third, it could be that Everall’s data or the more 
recent data do not form a suitable sample frame. It is 
possible to argue that Everall's vehicles were not or are 
not representative of the vehicle fleet, and this criticism 
has been made by Dawson and is discussed in Chapter 3. It 
is also known that the more modern data may not reflect the 
vehicle fleet in operation as there is no weighting on the 
relative frequency of loading. However in the 
particular case shown in Figure 6.17a both vehicles are 
fully loaded, and in Figure 6.17b most vehicles are fully 
loaded. It is also true that the equations derived for 
Everall's data do not predict the heaviest of his vehicles 
at all well, and that at higher speeds (60 to 90kph)fully 
loaded heavy vehicles are not well represented by Eq 6.38- 
the overall expression derived from the more modern data.
The average overestimate is about 10 litres per 100 km for 
the 30-33t. range.
2 The predictions for equations 6.38 and 6.42 are very 
similar at low speed. For Williams' data they tend to underestimate 
below 40 kph , and predict better at higher speeds. For the other 
data on Figure 6.17a the fit is rather better, given of course the 
large variability. It is very likely that at higher speeds the 
vehicle movement is itself more regular and more predictable, and this 
explains the closer grouping of the data above 60 kph. It is also 
possible that the more complex gear trains on modern vehicles are less
PAGE 336
Commercial vehicle consumption
well used at low speeds; this is not thought to be the most significant 
effect.
3 Equation 4.26, based on Everall's data, and predicting 80 
percent of his variability, is not very good at predicting the 
heaviest vehicles in Everall's range, and is unacceptable for the 
Source 7 data; its mean position is a gross underestimate at low 
speeds, and it also underestimates the speed dependency of the more 
modern data. It would also predict higher consumptions at higher 
speeds, and the overestimate would be about 15-20 litres/lOOkm.
A second comparison, for the fewer data points for lighter vehicles, 
is shown on Figure 6.18. The data are from Source 2, 28, and 29 and 
Source 54, with the urban data shown as solid symbols and the 
non-urban data as open symbols. The data are for GVW of 14-15t. and 
the plotted predictive equations are for 15t. While the predictions 
are none of them good, largely because of the variability of the data, 
the expression based on Everall's data (4.26) underestimates 
considerably at low speed, but is probably better at higher speeds 
than 6.38 and as good as 6.42. Equation 6.42, while not predictng 
accurately, has the right form and follows the urban data fairly well.
These exercises are not conclusive; but in view of the
increasing use of the heaviest vehicles recorded in the data, any
future predictions based on Everall's data are unlikely to be of
value. This is not a criticism of Everall's work, though it has been
criticised for other reasons elsewhere; what has happened is that the
consumption pattern is now different -more speed dependent and more 
complex. It is true that there is considerable variability in the 
source data used in the present analysis, and that the expressions 
derived do not explain the variability fully; nevertheless there is 
clear evidence that a more detailed investigation of commercial 
vehicle fuel consumption is required, and particularly for urban 
conditions.
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6.10 Conclusions on Fuel consumption of Goods vehicles.
The main conclusions drawn from the Goods vehicle fuel 
consumption study described above'are:
1 Gross Vehicle Weight could be expected to predict at most 
half the urban variability in fuel consumption if used alone. With 
1978-83 vehicles the consumption predicted for complete trips in 
average traffic would be approximately
19 + 0.75GVW litres per 100 km for fully laden vehicles, 
and
24 + 0.75GVW litres per 100 km for varied conditions of load; 
these figures have been deliberately rounded.
2 Power-to-weight ratio affected fuel consumption more in 
the partly loaded condition than in the fully loaded condition, but in 
neither case was the relationship significant.
3 Considering that a large variety of vehicles were examined 
and that they were driven over many different routes, Equation 6.38, 
which explains 62 percent of the variability, and in which all the 
variables have high F values, would appear a reasonable predictor of 
general fuel consumption.
Rounded Equation 6.38 becomes:
FC = 18 + GVW( 4 - 0.1V + 0.0006V2 -11/V)
This equation should be used when the fuel consumption for total 
journeys are being estimated. It may be biased as the relative 
proportions of part and full load vehicles are not known. Fully laden 
vehicles are not likely to be as frequent on the road as In the data, 
(see for instance the data for Source 8) Any bias will therefore be 
conservative.
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For urban areas Equation 6.42 should be applied . It gives 
estimates between 20 and 40 percent higher for given GVW and speed, 
but is the best explanation of urban consumption obtained:
FC - 14 + GVW(4 - 0.1V + 0.0007V2 )
The more general term is preferred if the driving conditions 
are unknown. This equation is not as likely to be biased, as the 
proportion of fully laden vehicles included in the data is much lower. 
The extent of fully and part laden goods traffic in urban areas needs 
further study.
4 Fuel consumption estimates, to be accurate, will need to 
be stratified in several ways:
-by Gross vehicle weight 
-by speed
-by operating conditions 
-by load condition 
and possibly 
-by Power or PWR
This section is recognised as being far from definitive in 
terms of these parameters, but the author was unable to identify other 
sources of data freely available. It is thought that the equations 
given above will be of more value than the use of Everall’s data or of 
equations based on his data, or the formulae given by Everall in LR 
226 (Reference 6.1).
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7 CHAPTER SEVEN CONSUMPTION AT ROUNDABOUTS.
S ummary.
This Chapter describes fudl consumption measurements made at 
46 roundabout sites under low traffic flow conditions, and, 76 
measurements made separately in traffic queues or parts of queues where 
they formed on roundabout approaches. The results have been analysed 
using linear regression methods to produce simple equations for 
estimating the fuel consumption caused by roundabout geometry and the 
consumption in queues controlled by a priority system. The results 
provide a basis for more accurate estimates of the costs of delays at 
roundabouts.
7.1 Introduction
Roundabouts in various forms are frequently used in urban 
and rural junctions both for junction improvements and for new 
designs, and as such they affect the speed and flow of vehicles. 
Previously the economic effects of various junction forms have largely 
been related to the delays caused, but more direct methods of 
evaluating fuel consumption can be used in order to assess costs and 
benefits more precisely. The object of this study is to provide 
information on fuel consumption at roundabouts for comparison with 
similar data for traffic signals as previously reported in TRRL Report 
LR 934 (Reference 7.1). It is intended that these should eventually 
be used with the models for delay at intersections already in use to 
provide a more accurate assessment of of costs and benefits of various 
junction types.
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7.2 Fuel Consumption Models
As described in Chapter 3, many model types have been used 
for fuel consumption, ranging from very specific modelling of engine 
and vehicle components to attempts to reduce the effect of urban 
driving to a single representative number, for a particular car (for 
example, the ECE . cycle). For a general approach to the economic 
assessment of various parts of a road network there is less need for 
the detailed deterministic models such as that suggested by Waters and 
Laker (7.2) or Watson, Milkins and Marshall (7.3). Neither are lumped 
coefficient models derived from deterministic models by Watson (7.4) 
appropriate. These relate the instantaneous fuel consumption to 
vehicle speed and its derivatives and multiples, and are not 
appropriate since they do not relate the fuel used to elements of road 
design. The type of model needed for roundabout evaluation examines 
fuel by relating the consumption directly to the various attributes of 
the junctions studied . In line with previous work at TRRL and 
elsewhere (for example, Akcelik (7.5) the fuel consumption model used 
is divided into a number of components which are detailed below. The 
model closely parallels that used in TRRL Report LR 934 (7.1) which 
examines fuel consumption at traffic signals.
7.2.1 The model used.
In considering any form of intersection, or other cause of 
speed change in a traffic stream, the fuel consumed can be divided 
into two distinct elements: a) the consumption which can be related
to driving along a route of given geometry, without there being any 
traffic ( the Highway-related consumption) and b) the consumption 
caused by other vehicles using the route (the Traffic-related 
consumption.)
These can be further subdivided as follows:-
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a) Highway-related consumption at roundabouts.
The Highway-related consumption can be represented by 
three principle elements. These are the CRUISE CONSUMPTION, 
assuming uniform speed along the route; the DELAY CONSUMPTION due 
to the extra time the vehicle spends because it does not maintain 
the cruise speed; and the GEOMETRIC EXCESS CONSUMPTION, caused by 
accelerating and manoeuvring the vehicle along the actual path 
taken.
Each of these is considered in more detail below.
i) CRUISE CONSUMPTION is the fuel required to 
drive the vehicle at a constant cruise speed over the 
actual alignment, including gradient effects, as if the 
cause of delay had not existed.
In the case of a roundabout the definition of 
cruise consumption is complicated by the fact that the 
vehicle is deflected from its desired path by the junction 
geometry. To make reasonable comparisons between junction 
forms, the definition adopted here is to assume that the 
vehicles cruise along the tangent lines extended from the 
approach roads to their intersection point, as, for 
example, lines SO and OF shown in Figure 7.1. (see Figure 
1). This provides a basis for comparison with other 
junction types, which may be treated in the same way.
ii)DELAY CONSUMPTION depends firstly on the 
definition of delay caused by the intersection geometry.
For GEOMETRIC DELAY the delay is here defined as the 
difference between actual travel time through the 
intersection and the time that would have been taken to 
pass along the tangent lines at the cruise speed. This is 
compatible with the "cruise consumption" term in i). The 
GEOMETRIC DELAY CONSUMPTION is therefore defined as the 
extra fuel required to turn the engine and operate the 
ancilliary equipment for any extra time (the delay) that
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the engine is running. This is in line with the 
definitions used in TRRL Report LR 934. It should be 
noted that whatever the speed of the engine during the 
delay period, the time-related excess fuel consumption is 
assumed to be at the engine idle rate.
iii) if a vehicle passes through the 
intersection unimpeded by other vehicles then the fuel 
used in excess of i) and ii) above can be attributed to 
having to negotiate the roundabout or junction, and has 
been termed the GEOMETRIC EXCESS CONSUMPTION. This will 
occur as the vehicle is decelerated and accelerated both 
laterally and longitudinally. It is possible for the 
excess to be negative (i.e., a saving in fuel may occur) 
if, for example, the vehicle travels through part of the 
intersection at a more economical speed than its cruise 
speed.
b) Traffic-related consumption at roundabouts.
If a vehicle is impeded by other traffic, then there is a 
further additional fuel consumption due to delays and kinetic energy 
changes caused by these vehicles. At a roundabout these may also be 
subdivided into components-
the TRAFFIC DELAY CONSUMPTION due to the extra time the vehicle
spends because it does not maintain its cruise speed
and the TRAFFIC EXCESS CONSUMPTION, caused by stopping and starting 
in queues or by slowing for priority vehicles. Each of these is 
considered in more detail below.
i) For TRAFFIC DELAY, the delay is defined as 
the difference in time between the actual time taken 
passing through the intersection and the time that would
have been taken to traverse the same distance on a
traffic-free run. The TRAFFIC DELAY CONSUMPTION is then 
calculated assuming that fuel is consumed at the idle rate 
during the delay, and extra fuel above this idle rate is 
considered separately. The above are therefore similar in
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definition to the Geometric delay and Geometric delay 
consumption terms above. In the analysis that follows the 
geometric delays are considered first, since they occur 
whether there are vehicles in the system or not; any 
additional delay is ascribed to traffic. The delay may 
occur when the vehicle is awaiting service at the give-way 
line, (the Service consumption) or while the vehicle is in 
a queue ( Queueing consumption). These are treated 
separately.
ii) Once account has been taken of the effect of 
traffic delays, there remains a further traffic-related 
consumption mainly due to the speed changes imposed on one 
vehicle by others. As with delays, in order to avoid 
double counting, the speed changes caused by highway 
geometry are calculated first, and only the remaining 
excess fuel consumption is ascribed to traffic.
For example, a vehicle may decelerate from 70 
kph to 20 kph to negotiate a roundabout free of traffic, 
and may decelerate further to 5 kph if there are traffic 
delays. Only the extra fuel involved in the speed change 
20-5-20 would be described as traffic related excess.
The TRAFFIC EXCESS CONSUMPTION is therefore the 
additional consumption caused by traffic once highway 
factors have been accounted for, and having made allowance 
for the consumption caused by the extra time spent in the 
system.
The advantage of the model used is that it is both 
compatible with other work and that estimates of such parameters as 
vehicle delay in queue and delay caused by geometry have been 
estimated elsewhere (see Maycock (7.6) and McDonald and Noon (7.7) 
respectively). The model is simple : changes which affect only one
component of the model can be introduced and a new fuel prediction 
obtained. For example, changes in cruise speed or junction layout 
can be considered separately.
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7.3 Definition of Roundabout Types
In this Chapter roundabouts are defined as falling into 
three main groups. The groups broadly conform to those given in The 
DOE Technical Memorandum H2/75 (7.8), but with some small differences
a)Conventional Roundabout : a roundabout having a one
way carriageway , which may be composed of weaving sections, 
around a circular or asymmetrical central island and normally 
without flared approaches. Roundabouts otherwise conforming to 
this definition but with small (5m) central islands were placed 
in group b). These 5m roundabout approaches had wide entry 
lanes and narrower weaving sections, and were considered to 
conform more to the Small roundabout pattern as regards vehicle 
speed through the geometric layout.
b)Small Roundabout: a roundabout having a one way 
circulatory carriageway around a central island 4 m or more in 
diameter and with flared approaches to allow multiple vehicle 
entry. The 5m central island roundabouts with wide approaches 
rather than flared approaches were included here and not in 
group a).
c)Mini Roundabout : a roundabout having a one way 
circulatory carriageway around a flush or slightly raised 
circular marking less than 4 m in diameter and with or without 
flared approaches.
7.4 Special roundabouts
Double roundabouts, multiple roundabouts, and ring junctions 
were not studied as they form a small fraction of the total roundabout 
population, and would have required a large effort to obtain a 
representative selection of systems and turning movements. Multiple
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roundabouts and ring junctions are in any case not recommended for 
general use.
7.5 Site selection and field measurements.
Sites were selected for study of cruising, geometric and 
queueing situations separately, since each required different site 
conditions. The cruise consumptions were derived over short lengths 
of road in the Crowthorne area, where sections of uniform grade were 
identified, and the test car was run over the various grades at speeds 
varying from 25 to 60 kph, to encompass the likely range of speeds to 
be encountered in roundabouts.
The geometric studies required sites where passage through 
the intersection was uninterrupted by traffic delays, and this was not 
generally possible at junctions where queues regularly occurred, and
different constraints on data collection applied.
7.5.1 Site selection for highway-related fuel consumption.
For studies of Highway related consumption 46 sites were 
chosen at a variety of different locations in Surrey and Berkshire. 
The location of the sites is given in Maps (7.1) and (7.2) . They 
were chosen to represent as large a cross-section of roundabout 
manoeuvres as possible. There were a number of conditions which 
constrained the choice:
Each movement had to be isolated from other sources 
of delay which would influence the fuel consumption. The site 
had to allow fuel and time measurement to continue (without 
geometric or other constraint) from a point before drivers 
decelerated on approach to the roundabout until beyond the 
point where the normal running speed of the route had been 
reached.
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Easily identified reference timing points had to be 
visible to an observer in a car. (Whilst the exact distance 
measurements between timing points were not themselves 
important, the timing points triggered useful data summaries 
used in the analysis).
All types and sizes of roundabouts and turning 
movements had to be included.
To provide statistical robustness, rather more turns 
to a fourth or higher exit (including "u" turns on four arm 
junctions and reflex turns on five or six arm junctions) were 
included than might be representative of traffic demand for 
these movements. Similarly, two reflex left turns were 
included to extend the range of the dependent variables as far 
as possible, despite the fact that traffic would not usually 
execute the movement at the intersections actually surveyed as 
there were alternative routes available. These extremes also 
ensured that any predictive equations developed were of 
maximum value in that the coefficients derived could be 
applied over a large range.
(This also meant, that some variables having cross 
correlation could be used without there being too much risk of 
the resulting coefficients being too dependent on the 
particular sample of turning movements surveyed.)
No attempt was made to select routes in such a way 
that the approach and departure speeds were similar. It is 
not generally the case that all approaches to a roundabout 
have the same design speed, and it was thought best not to 
prejudge the relative importance of operating speed on entry ' 
and exit.
Sites were preferred where the approach gradients 
were uniform, though the range of gradients over which the 
tests were run was not artificially constrained.
Only on the four largest roundabouts was there any 
appreciable difference in level across the roundabout itself,
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and ^ this was not excessive in relation to the method of 
assessment proposed.
Many of the roundabout movements in the Crowthorne area 
were rejected because these conditions could not be met . A final 
selection of 46 movements was made, and over 300 rejected as being 
more difficult or impossible to assess independently of other 
elements in the road network.
7.5.2 Site measurements recorded.
Details of the physical data recorded for each turning 
movement surveyed are given in Table 7.1 and are illustrated in 
F igure (7.1).
The roundabout ISLAND DIAMETER was measured by taking the 
mean of distances between kerbs measured in several directions.
Measurements were made of the INSCRIBED CIRCLE diameter 
both for its own value and as a surrogate for the area of the 
intersection.
(The inscribed circle is defined as the largest circle 
that can be drawn within the perimeter kerbs, and this definition 
was adhered to. In some cases, where the roundabout was 
approximately elliptical, the inscribed circle was smaller than the 
mean island diameter as determined above. The difference between 
these two measurements can therefore only be considered as the mean 
weaving width on small and mini roundabouts.)
The EXCESS DISTANCE traversed by a vehicle manoeuvreing 
through a roundabout includes some distance travelled on the 
approach and departure roads. This seemed a more appropriate length 
to take than the distance between some arbitrary point on the
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TABLE DESCRIPTION OF SURVEY ROUNDABOUT TURNING MOVEMENTS
REFERENCE
References R3NUMBER TYPE EXIT
DEFLECTION
ANGLE
ANGLE TURNED 
THROUGH
APPROACH
GRADIENT
DEPARTURE
GRADIENT R9DIAMETER
INSCRIBED
CIRCLE
DISTANCE
THROUGH
ROUNDABOUT
DISTANCE
ALONG
TANGENT
863672 1 1 C 1 70 70 3-83 -3.41 50 80 60 75
860678 2 2 C 2 ■ 30 195* -0.55 0 60 70 90 75
863690 3 3 C 2 45 135 0.4 0 100 90 160 135
864695 <« it S 3 90 270 -2.25 1.02 25 45 90 45
868695 5 5 C 1 120 120 1.02 2.40 80 90 65 75
864695 6 it S 2 0 180 0 2.25 25 45 60 45
863690 7 3 C 1 135 135 0 1.14 5° 65 25 60
868695 3 5 c 3 85 185 -2.31 0.73 80 90 150 160
877694 9 6 c t « 90 225 4.8 1.6 100 110 210 155
871689 10 7 c 5 18O 310 -0.53 0.53 85 90 275 50
877694 11 . 6 c 5 100 265 -1.6 -1.96 100 110 285 140
880693 12 8 c 1 80 80 -1.96 1.84 50 75 .50 65
883691 13 9 c 3 95 275. -1.68 1.18 50 70 140 90
880693 1lt 8 c 2 10 18O 0.31 .1.97 5° 70 140 90
877694 15 6 c 3 25 205 1.97 -4.8 100 110 150 130
868695 16 5 c 3 60 360 -0.73 2.4 80 90 220 75
864695 17 4 s 2 0 180 0 2.25 25 45 60 45
863690 18 3 c 1 135 135 - 0 1.14 50 65 25 60
868695 19 5 c 1 100 100 -2.31 -1.02 80 90 45 75
86^695 20 4 s 1 90 ■ 90 -1.02 2.25 25 *♦5 35 45
863690 21 3 c 3 . 4 5 245 0 0.4 100 90 240 165
860678 22 2 c 2 45 150 0 0.55 60 70 105 85
863672 23 1 c 3 70 235 3.4 -3.8 50 80 .150 120
872537 21+ 10 s 2 0 120 -0.66 -0.15 8 13 20 18
871539 25 11 s 4 130 300 -O.15 0.15 9 13 35 118
872537 26 10 s 1 90 90 O.15 0.1 8 13 8 1 8 '
871539 27 11 s 90 90 0 0.15 9 13 8 18
872537 28 10 s 0 120 0.15 0 .66 8 13 20 18
872537 29 10 s 3 90 210 -0.1 -0.15 8 13 28 18
871539 30 11 s 90 210 -0.15 0 9 13 28 18
883576 31 13 M 3o 80 -2.05 -0.5 4 12 50 60
883576 32 13 M 1 70 70 0.5 3.9 4 12 60 70
" 33 13 M 1 30 30 -3.9 2.05 4 12 75 80
.. 34 13 M 2 30 40 -2.05 3.9 4 12 80 90
" 35 13 M 2 70 120 -3.9 -0.5 4 12 76 70
1 36 13 M 2 So 130 0.5 2.05 4 12 70 60
870558 37 12 S 3 90 150 1.9 1.8 14 53 165 145
" 38 12 s 3' 90 170 -1.8 0.85 14 53 165 145
" 39 12 s 1 9 ° 90 -0.85 1.8 14 53 115 145
'• 1*0 ItO 12 s 1 90 90 -1.8 -1.9 14 53 115 145
» iti 12 s 2 C 60 1.9 O.85 14 53 135 13°
" 42 12 s 2 0.5 60 -0.85 -1.9 14 53 130 130
873577 43 14 c 4 , 180 330 -1.21 2.66 80 94 320 170
" itit .14 c 4 180 350 1.18 -1.66 • 80 94 330 175
869581 *‘5 15 c 3 180 300 -0.66 0.66 75 93 400 225
870561 1.6 16- M 3 180 240 0.3 -0.3 4 12 60 40
On Figure 7.1 the following abbreviations are used
for some of the above
DEFL Deflection angle®
ANGLE Total angle turned through®
RDIA Central island diameter
INDIA Inscribed circle diameter
ACDIST Distance through roundabout
TDIST Distance along tangents
Full descriptions are given in the list of Definitions
Table 7.1 Physical description of roundabout movements surveyed.
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trajectory - for instance, where the vehicle crossed the inscribed 
circle. Measurements were therefore taken from start and finish 
points on the entry and exit roadways clear of the curvature of the 
vehicle path. The distance between these points via the actual 
trajectory was compared with the distance via the tangents. This 
excess travel distance is illustrated in Figure (7.1)and the start 
and finish points mentioned are at S and F. The selection of these 
points is dependent on a number of factors, including the roundabout 
diameter and whether the approach includes any curvature designed to 
deflect and therefore slow down vehicles entering the intersection. 
The measurements of excess distance were rounded to the nearest 5m 
as any greater accuracy would be unwarranted because of the 
different paths taken by vehicles through the intersection.
Some of the usual dimensions associated with capacity of 
roundabouts are not included amongst the variables considered. In 
particular the ENTRY AND EXIT WIDTHS, which are important in the 
calculation of capacity and delay, are not recorded. There are 
several reasons for this. For small islands with flaring of 
approach, the terms entry and exit radii have no real meaning, since 
the kerbline radius varies continuously. For the purpose of this 
study it was more appropriate to include, as the controlling factor, 
the MINIMUM RADIUS encountered. It was found that entry and exit 
widths only indirectly affected the distance travelled in-the 
roundabout and the path of an undelayed vehicle is not a simple 
function of these widths. Each individual path occupied some part 
of the entry and exit roadway, but none appeared to require 
definition of the above parameters. Further, McDonald and Noon 
(7.7) in their examination of geometric delay of roundabouts did not 
find any significant relationships between entry or exit width and 
delay.
During trial runs it became clear that entry and exit 
radii were not followed exactly by the test driver, and vehicles 
observed on the same manoeuvres also crossed lane lines and did not 
follow the road design outline. In full or even half capacity 
operation, there is a closer adherance to kerblines and lane lines, 
though even in heavy traffic there was considerable smoothing of 
radii by drivers, presumably to allow an increased minimum speed.
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The roundabout physical features were assessed from 1:1250 
scale Ordnance survey plans or from 1:500 scale working drawings, if 
available. In Bracknell the data was taken from a 1:5000 reduction 
plan showing all the roundabouts studied. Local authority drawings 
were also used and field surveys of particular sites were carried 
out where no other sources of information were available.
It should be noted that the normal running speeds of 
traffic on the approach roads were not recorded on site; the 
approach and departure speeds mentioned in the data below are those 
adopted by the test car driver; the results obtained relate to 
actual "cruise "speeds rather than nominal ones.
7.5.3 Site Selection for Queueing Delay and Fuel consumption.
Studies of roundabout queueing were made at several sites 
in Reading and in view of the variability of consumption in queue, 
some additional tests were completed on the TRRL test track at 
Crowthorne. At each site in Reading where queueing conditions were 
evaluated the gradient (or gradients) on the approach roads was 
recorded. The roundabouts and direction of queue surveyed are shown 
on Map 7.3. The roadway where the queues formed were divided into 
sections having approximately uniform gradient, to allow comparison 
to be made between the consumption expected if the vehicle had 
proceeded at the normal approach speed and the actual consumption in 
queue. The test car was run in normal traffic and the driver moved 
up in the queue every time the preceding vehicle moved, adopting 
normal queueing behaviour and keeping a safe distance from the 
vehicle ahead. The queueing consumption did not include the 
"service consumption" used while the test car was waiting at the 
give way line. The amount of fuel used whilst awaiting service is 
considered in the Discussion.
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7.5.4 Idling Consumption.
I d l in g  consumption is  o f  im portance fo r  th e  fo llo w in g  two
reasons:
a ) queueing v e h ic le s  spend p a r t  o f  t h e i r  tim e w ith  eng ines  
i d l in g ,
b )  f u e l  consumption a t  th e  id l in g  r a t e  has to  be e s tim a te d  
f o r  any d e lay  p e r io d .
C a re fu l measurement, under la b o ra to ry  c o n d it io n s , o f  
i d l in g  consumption fo r  th e  t e s t  c a r  and a number o f  s im i la r  v e h ic le s  
has been re p o rte d  in  C hapter 5 .  T h is  d a ta  was compared w ith  th e  
a c tu a l  id l in g  consumption r a te  on s t r e e t  d u rin g  te s t  runs made by 
TRRL fo r  o th e r  purposes. The r e s u lts  a re  re p o rte d  in  s e c tio n  
( 5 . 5 . 3 )  and more f u l l y  by Baker ( 7 . 9 ) .
7 .6  E xp erim en ta l Procedure
In  p rev io u s  work on e s tim a tin g  d e lays  a t  roundabouts  
McDonald and Noon ( 7 .7 )  found th a t  the  e f fe c ts  o f  d r iv e r  v a r i a b i l i t y  
on d e la y  tended to  obscure r e a l  d if fe re n c e s  in  the  road system , and 
s in c e  th is  problem  a p p lie s  as much to  f u e l  consumption as d e la y  ( f u e l  
consum ption is  even more c lo s e ly  dependent on d r iv e r  b e h a v io u r), 
d r iv e r  v a r i a b i l i t y  was considered  s e p a ra te ly .
I n  the  TRRL te s ts  one v e h ic le  and one d r iv e r  were used to  
id e n t i f y  the  re la t io n s h ip s  between road geom etry, d e la y  and queueing  
consum ption. The re s u lts  from  the  above te s ts  were then compared w ith  
th e  d a ta  o b ta in ed  by o th e r TRRL s t a f f  d r iv in g  s im i la r  cars  in  urban  
s itu a t io n s .
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7.6.1 Test driver .
The d r iv e r  fo r  these te s ts  was D r iv e r  4 from  the  C o ven try
S urvey .
7 .6 .2  In s tru m en ted  Car
The c a r used fo r  th e  te s ts  was a W olseley  6 saloon  w ith  a 
6 c y lin d e r  2 .2  l i t r e  eng ine d escrib ed  in  C hapter 5 s e c tio n  5 . 5 . 1 .
7 .6 .3  F u e l M e te r
The f u e l  m eter used was a T ra n s f lo  m eter type TF101B and 
th e  same m eter was used th roughout the  t e s ts .  I t  has been 
c a l ib r a te d  on a t e s t  r ig  to  an accuracy o f  p lus  o r minus 2 p e rc e n t .  
The m eter is  d e s rib e d  above in  C hapter 5 , s e c tio n  5 .5 .3 .
7 .6 .4  D ata  m easuring equipm ent and o u tp u t.
The c a r was f i t t e d  w ith  TRRL designed e le c t r o n ic  
jo u rn e y -t im e  m easuring equipm ent as d escrib ed  in  Chapter 5 s e c t io n
5 .5 .2  . The equipment is  op era ted  from  a d is p la y  and c o n tro l system  
mounted in  the  dashboard o f  the c a r ,  which a llo w s  the o b serve r to  
in p u t  GMT and v a r io u s  jo u rn ey  id e n t i f i e r s .
A tim in g  p o in t  m arker can be in s e r te d  by an o b server  
p re s s in g  a sw itch  on a handset to  enab le  subsequent id e n t i f i c a t io n  
o f  p a r t ic u la r  p o in ts  on a jo u rn e y . Records o f pu lses from th e  f u e l  
m eter a re  made to g e th e r w ith  those from  a d is ta n c e  c o u n te r.
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The m easuring equipm ent has been shown to  be a c c u ra te  over  
b o th  s h o rt and long  d is ta n c e s .
D is ta n c e  and f u e l  measurements a re  summed each second th a t  
th e  equipment is  runn ing  and a re  a u to m a tic a lly  re c o rd e d . From th e  
in fo rm a tio n  keyed in  v ia  th e  d is p la y  pan e l and the  tim in g  p o in t  
h an d set, d a ta  summaries can be produced a t  in te r v a ls  in  th e  recorded  
d a ta . Those used in  th is  survey w e re :-
1 Journey number, d a te , and t im e .
2 D is ta n c e  covered in  m etres
3 Journey tim e in  seconds
4 V e h ic le  speed in  km /hr
5 Stopped tim e  in  seconds.
6 Number o f  s to p s .
7 K in e t ic  energy lo s s  in  m etres squared /second squared .
8 F u e l consumption in  cc
9 F u e l f lo w  r a te  in  l i t r e s  /h o u r
These summaries (e x c e p t the f i r s t )  a re  accum ulated and p r in te d  a t  
each tim in g  p o in t  on the  jo u rn ey  and a re  a ls o  o u tp u t fo r  the  w hole  
jo u rn e y . The o u tp u t can a ls o  be presen ted  as a d e ta i le d  second by 
second p lo t  o f  speed and f u e l  d a ta  as shown in  F ig u re  ( 7 .2 )  
discussed below .
7 .6 .5  D a ta  c o l le c t io n  w ith  the t e s t  v e h ic le .
A f t e r  the  a p p ro p r ia te  movements had been s e le c te d  and th e  
g eo m etric  d a ta  c o l le c te d ,  the t e s t  v e h ic le  was d r iv e n  th rough  th e  
v a r io u s  tu rn in g  movements a t  s i te s  in  S u rrey  and B e rk s h ire . The 
runs were a l l  conducted in  d a y lig h t  in  o f f  peak hours d u rin g  
F eb ru ary  1981 . S ix  runs were made through each movement in  
B ra c k n e ll,  and between two and tw e lv e  e lsew h ere , though a t  le a s t  
fo u r  runs were g e n e ra lly  com pleted . (Tw elve runs were com pleted a t  
one ju n c tio n  to  d eterm ine  w hether the  d a ta  c o l le c t io n  process was 
re p e a ta b le .)
Those cases where the test car was delayed by queueing
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v e h ic le s  (1 4 )  o r  " p r io r i t y  v e h ic le s " -  th a t  i s ,  v e h ic le s  on th e  
roundabout w hich caused the te s t  v e h ic le  to  slow by ta k in g  p r i o r i t y  
o v e r th e  te s t  c a r (a  fu r th e r  51 ) were n o t in c lu d e d  in  th e  g eo m etric  
f u e l  consumption a n a ly s is  , bu t were re ta in e d  to  examine th e  e f f e c t s  
on d e la y  and f u e l  caused by a fqw v e h ic le s  in  th e  system ( i . e .  in  
low  f lo w  c o n d it io n s  where the  d r iv e r  can make some ad ju s tm en t to  h is  
speed to  accommodate o th e r in d iv id u a l  c a r s . )  Where p o s s ib le ,  
roundabout movements were lin k e d  to g e th e r to  form  a survey ro u te  and 
d a ta  was recorded  co n tin u o u s ly  fo r  each ru n .
7 .6 .6  Speed and f u e l  p r o f i le s .
F o r each movement, the Texas 960A computer o u tp u t was 
compared w ith  a lo g  sheet on which were recorded  p r i o r i t y  v e h ic le s ,  
queues, and any o th e r  fa c to rs  which m ight ren d er the  run  in v a l id .  
(F o r  exam ple, a parked v e h ic le  m ight cause the  t e s t  v e h ic le  to  
d e p a rt from  th e  u su a l a c c e le ra t io n  p r o f i l e  away from  a ju n c t io n ) .
An example o f  a speed and f u e l  p r o f i l e  th rough  a 
roundabout from  th e  in te rm e d ia te  o u tp u t is  g iv e n  in  F ig u re  ( 7 . 2 )  and 
v a r io u s  p o s it io n s  on the p r o f i le  a re  in d ic a te d  on th e  accompanying  
map.
To illustrate the use of the above profiles, the following 
features can be identified:-
1 )  The te s t  v e h ic le  approached the  in te r s e c t io n  a t  
a p p ro x im a te ly  57 kph ( th a t  is  34 d is ta n c e  increm ents  o f  
0 .4 5 8 9  m per second) and the d r iv e r  reduced speed to  32kph (20  
in c re m e n ts ) about 20 m sh o rt o f  the giveway l i n e .  The v e h ic le  
was then a c c e le ra te d  to  42 kph (2 5 )  and n e g o tia te d  th e  reduced  
ra d iu s  o p p o s ite  the f i r s t  e x i t  a t  th is  speed . T h is  speed was 
h e ld  a p p ro x im a te ly  constant u n t i l  th e  second e x i t  was passed  
and the  d r iv e r  then a c c e le ra te d  through the th i r d  e x i t  and up 
to  the o p e ra tin g  speed on the d u a l c a rriag ew a y  e x i t  l i n k  
(a b o u t 64 k p h ).
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Roundabout 5. Turn 8. Run 05
V A  "Lj* •?•;•*♦ • $  KEY1 '1 Ml !.•• X.-« flV,. n:Distance A-D
l l l k A 4 i i p ^  m i
543 m 
Time on this run 39 sec
Grade A-G -2 -31  %
Grade G-D +0*73 *
Exits labelled El E2 E3
Each 4  represents
1 cc of fuel 
0*466m of distance
Each columns distance moved that second
4 4
I ♦ 4 4 4 4 4 4 4 4 4 4 4
* 4 * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
l« * * 4 * 4 4 * 4 4 - 4 4 4 4 4 4 4 . 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Time 4 4. 4 4 4 . 4 4
4 4 4 4 4 4 4 4 4* 4 4 4 4 4 4 4 4 4 4
* 4 4 4 4 4 4 4 4 4 4 4
4 * * # 4 4 4 4 4 4 4 4 '4 4 4 4
4 * * ** 4 4 4 4 4 4 4 4 4 4 4 4 4 4
♦ * * * # 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* * * * « 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4 * * * * * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* * •+ * + * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* * * * * « * 4 4 4 4 4' 4 4 4 4 4 4 4 4 4 4 4 4
* * * ♦ ■* * * 4 4 4 4 4 4- 4 4 4 4 4 4 4 4 4 4 4 4
* ♦ * * * * + 4 4 4 4 4- 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4 * * # * + * * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* * * * * * * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* * ♦ * # * « * 4 4 4 4 4 4 4 4 4 4 4 4 4' 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* * * * # « * « * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
♦ * * * * « * * 4 4 4 * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* * « « * * * « * 4 * * 4 4 4 4' 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4 * * * 4 * 4 4 * 4 * * * 4 4 4 4 4 4 4 4 4. 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* « * * * * * 4 4 « * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4 4 + * * * * « 4 4 * « 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* « * * * 4 * 4 4 «* 4 4 4 4 4 4 4 4 4 4 . 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4* # # * «■ # 4 4 * 4 « « 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4
t*
* * * 4 * 4 * * 4 * * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4- 4 4 4 -
* * * # * * 4 « 4 * * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* * * * «- + 4 * 4 4 * * 4 •4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4 * * * * 4 4 4 4 4 « 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 •4 4 4 4 4 4 4 4
4 * « « 4 * * * * 4 4 * 4 4 4 4 4 4 4 4 4 4- 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4 • * * * * * * « 4 * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 '4 4 4 4 4 4 4 4 4 4 4 4 4
4 * * * * ■ * * * * * 4 4 4 4 4 4 4 4 4 4 4 4 * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4 * « * * * * « * 4 * * 4 4 4 4 4 4 •4 ’ 4 4 4 4 4 ■4 4 4 4 4 4 4 4 4 4 4 4 4 4
* « « <* * * 4 * 4 * 4 4 4 4 4 4 ♦ 4 4 4 4 4 4 « 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4 * * * * * * 4 4 * * 4 4 4 4 4 4 4 * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
* * « # * * 4 4 * ♦ * 4 4 4 4 4 4 4 4 4 4- 4 4 « 4 4 4 4 4 4 4 4 4 4 4 4 4 4
A G r i n E3 D
d1. ia  wj* ^  n o t ;  la rM c c^ IA IA LAO LAO t -C • o C c: LA O I - CO Cl' CO Cv CO t'- CO r-
n  n  n  n  n  n  cj (J C c. .Ci C'4 Cl Cl Ci CJ Cl CO CO C ! c •: c: c: c %c-\ca C C‘\ C * <A CA c‘\ CA CA CA CA c*\
A,G and D are Timing points, with G at the give-way line .
This plot is in the same style as the run output,
and the units are the accuracy of data collection.
EXAMPLE VELOCITY HISTOGRAM & MAP.
F ig u re  7 .2  P lo t  o f  speed and fu e l  consumption through  
a roundabout .
PAGE 363
Consumption at Roundabouts
2 )  Sm all changes in  v e h ic le  speed occurred  th rough  
th e  roundabout, depending on th e  road geom etry, and th ese  may 
be a s s o c ia te d  w ith  e x t r a  consum ption.
3 )  D u rin g  d e c e le ra t io n  (on a d o w n h ill g r a d ie n t )  f u e l  
consum ption was o n ly  a l i t t l e  above the  id l in g  consum ption  
r a t e :  th e  down g ra d ie n t  a ls o  means th a t  l i t t l e  f u e l  was 
needed to  a c c e le ra te  to  42 kph from  the  giveway l i n e .  The low  
speed s e c tio n  between th e  f i r s t  and th i r d  e x i t  were on a 
s l ig h t  upgrade, b u t f u e l  consumption remained f a i r l y  s tead y  
u n t i l  th e  in c re a s e  d u rin g  th e  a c c e le ra t io n  phase; 
subsequently  the consumption reduced as the  s teady  o p e ra t in g  
speed was reached on th e  e x i t  ro ad .
4 )  There was a p p ro x im a te ly  a one second tim e  la g  
between th e  t h r o t t l e  opening and in c rease d  d isch arg e  th ro u g h  
th e  f u e l  m eter . Some su rg in g  o f  fu e l  o ccu rred , so th a t  e v e ry  
cc o f  consumption cou ld  n o t be e x a c t ly  a t t r ib u te d  to  a 
p a r t ic u la r  e v e n t.
7 .6 .7  D ata  e x t ra c t io n
Once th e  above o u tp u t had been assessed a g a in s t th e  lo g  
sheets  and in s p e c te d , "c le a n  " runs were recorded and the fo l lo w in g  
d a ta  e x tra c te d  fo r  geom etric  d e la y  and consumption from e i t h e r  th e  
speed and f u e l  h istogram s o r from  th e  tim in g  p o in t sum m ations:-'
The FUEL used was recorded between the tim in g  p o in ts  
ju s t  p r io r  to  d e c e le ra t io n  and ju s t  a f t e r  the end o f  
a c c e le r a t io n .
The APPROACH SPEED was id e n t i f ie d  as the  modal v a lu e  
o c c u rr in g  d u rin g  th e  f i n a l  few seconds o f  steady speed b e fo re  
d e c e le ra t io n  commenced.
The DEPARTURE SPEED was s im i la r ly  taken as th e  modal 
v a lu e  o c c u rrin g  d u rin g  th e  f i r s t  few seconds o f s teady  speed
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recorded  a f t e r  a c c e le ra t io n  had been com pleted.
The MINIMUM SPEED d u rin g  passage through th e  
in te r s e c t io n  was reco rd ed . T h is  u s u a lly  occurred  in  th e  
s e c tio n  ju s t  p r io r  to  the  g iv e  way l in e  on e n tra n c e  to  th e  
roundabout, b u t o c c a s io n a lly  occurred  a t  a speed re d u c in g  
ra d iu s  on th e  roundabout c e n t r a l  is la n d .
The MAXIMUM DECELERATION and ACCELERATION r a te s  
reco rd ed  o ver a 3 second p e rio d  were c a lc u la te d  from  th e  
o u tp u t. ( Three seconds was chosen as a compromise f ig u r e :  
any lo n g e r p e rio d  u s u a lly  e n ta i le d  a re d u c tio n  below  th e  peak  
r a t e ,  and s h o rte r  p erio d s  were o v e rs e n s it iv e  to  th e  e x a c t  
number o f  d is ta n c e  increm ents recorded  in  a p a r t ic u la r  
second .)
The DISTANCE t r a v e l le d  d u rin g  the  ru n , and th e  TIME 
taken  were e x tra c te d  from  the  tim in g  p o in t  summaries.
The KINETIC ENERGY LOSS was a ls o  re c o rd e d . The 
k in e t ic  energy term  used here is  the  sum o f th e  squares o f  a l l  
n e g a tiv e  speed changes o c c u rrin g  d u rin g  movement th ro u g h  th e  
roundabout; th a t  i s : -
F
K E = X ( V j2 - V i2 ) fo r  a l l  a c c e le ra t io n s  a ^ 0  
S
O b vio u s ly  e x tra  fu e l  is  used in  re g a in in g  speed and 
p o s it iv e  k in e t ic  changes a re  in c lu d e d  in  the lumped 
c o e f f ic ie n t  models ( 7 . 4 ) .  However, in  the s tudy  o f  t r a f f i c  
th e  lo s s  in  k in e t ic  energy can be r e la te d  to  th e  v a r io u s  
causes o f  stopp ing  in  th e  netw ork more d i r e c t ly  than g a in  o f  
k in e t ic  energy . T h is  is  because the losses  a re  imposed 
e x te r n a l ly  whereas the re g a in in g  o f  speed is  more d i r e c t l y  a 
m a tte r  o f  d r iv e r s ’ c h o ic e . I t  is  a ls o  the case th a t  as th e  
e x i t  road may have a d i f f e r e n t  o p e ra tin g  speed from  th e  e n try  
ro ad , the  cho ice o f  p o s it iv e  or n e g a tiv e  k in e t ic  energy to  
re p re s e n t KE changes is  ra th e r  a r b i t r a r y  . I t  is  the  
in te n t io n  in  l a t e r  work to  e v a lu a te  v a rio u s  o th e r  causes o f
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d e la y  us ing  KE lo s s  ra th e r  than g a in , and so th is  approach has 
been adopted h e re . One fe a tu re  o f  the program used in  th e  
Texas 960A was a procedure designed to  e lim in a te  th e  "h u n tin g "  
w hich  occurs when th e  v e h ic le  is  d r iv e n  a t  s teady speed and 
d is ta n c e  is  recorded  in  d is c re te  u n its .  The n o n e x is te n t s m a ll 
k in e t ic  energy changes w hich appear to  occur as the  d is ta n c e  
re a d in g  o s c i l la t e s  between a d ja c e n t va lu es  were e lim in a te d  .
F o r assessment o f  queues the  da ta  e x tra c te d  in c lu d e d  FUEL, 
DISTANCE, TIM E, and KINETIC ENERGY, as above, to g e th e r w ith  th e  
number o f  STOPS, th e  STOPPED TIM E, the  FUEL USED WHILE STOPPED, and 
th e  GRADIENT. A t o f f -p e a k  tim es runs were made through th e  same 
roundabout approaches to  e s ta b l is h  th e  CRUISE CONSUMPTION and CRUISE 
SPEED so th a t  d i r e c t  comparisons could  be made.
7 .7  R e s u lts  o b ta in e d .
As d escrib ed  e a r l i e r ,  f u e l  consumption fo r  s teady speed, 
highway geom etry and t r a f f i c  e f f e c ts  were analysed s e p a ra te ly . D a ta  
f o r  the geom etric  d e la y  and excess consumption is  g iven  in  A ppendix  
7 .1 ,  and th e  d e f in i t io n s  o f  computed v a r ia b le s  , both measured and 
d e r iv e d  fo r  th is  study a re  g iv e n  in  Appendix 7 .2 .  The v a r ia b le s  
recorded  in  the  roundabout queueing study a re  d e fin e d  in  A ppendix 7 .3 .  
The d a ta  c o lle c te d  f o r  the queueing consumption study a re  g iv e n  in  
Appendix 7 .4 .
I n i t i a l l y  some c a te g o r is in g  o f  roundabout type and tu rn in g  
movement was thought n ecessary , as i t  was expected th a t  d i f f e r e n t  
types o f  roundabout would have v e ry  d i f f e r e n t  c h a r a c te r is t ic s  and th e  
v a rio u s  tu rn in g  movements could n o t be assessed to g e th e r w ith o u t  
c o n s id e ra b le  lo s s  o f  accu racy . T h is  d id  n o t f i n a l l y  prove to  be th e  
case.
As the f u e l  consumption elem ents considered can be reg ard ed  
as a summation o f  sep a ra te  consumptions from v a rio u s  causes, m u lt ip le  
re g re s s io n  appeared to  be the most a p p ro p ria te  method o f a n a ly s is  and
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th e  SPSS system (V e rs io n  M re le a s e s  7 .2  and 8 .1 )  was adopted ( 7 .1 2 ) .
As the  d a ta  fo r  a l l  subsequent measurements depend on 
e s ta b lis h e d  va lu es  fo r  id le  consumption and s teady speed consum ption , 
th ese  v a lu es  a re  considered  f i r s t .
7 .7 .1  Id le  Consumption.
The id l in g  f u e l  consumption v a lu e  o f  1 .5  l i t r e s  p e r hour 
f o r  th e  c a r used in  these te s ts  was e s ta b lis h e d  by R o bertson , L ucas , 
and Baker ( 7 .1 )  a f t e r  e x te n s iv e  te s ts  o f  fo u r  s im i la r  v e h ic le s .
7 .7 .2  S teady Speed Consumption.
S teady speed f u e l  consum ption, which forms the base from  
w hich a l l  excess fu e l  consumption is  e s tim a te d , was id e n t i f i e d  on
grades ran g in g  from  0 to  33 m etres per km (0  to  3 .3  p e rc e n t) .  V e ry
few  o f  the roundabout approaches examined in  th e  p re lim in a ry  s tudy  
o f  350 tu rn in g  movements had approach g ra d ie n ts  g re a te r  than  t h is ,  
and e x tra p o la t io n  to  5 p e rcen t subsequently  appeared to  g iv e  
reaso n ab le  agreement . A sim ple l in e a r  express ion  was d e r iv e d  f o r  
th e  v e h ic le  in  the form
Fv= 1 5 . 4 +  0 .0 9 5  RISE + 0 .1 4 7  FALL -  0 .0 9 7  V E q .7 .1
where Fv is  the fu e l  consumption in  l i t r e s  perlOO km 
RISE is  the r is e  in  m per km .
FALL is  the f a l l  in  m per km (e n te re d  as - v e )
V is  the v e h ic le  speed in  k ilo m e tre s  per hour
T h is  express ion  e x p la in e d  8 4 .4  p ercen t o f  the v a r ia t io n  o f  
the  d a ta , and was a b e t te r  e x p la n a tio n  than equations  using  g ra d ie n t  
u n d if fe r e n t ia te d  as between r is e  and f a l l .  The d if fe re n c e  in
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c o e f f ic ie n t  between r is in g  and f a l l i n g  g ra d ie n ts  is  e x p la in e d  in  
p a r t  by th e  use o f  the in te rm e d ia te  gear on some g rad es , and th e  
known improvement in  engine e f f ic ie n c y  w hich occurs under lo a d . The 
fo rm u la  was used throughout the rem ainder o f  th e  te s ts  to  e s t im a te  
th e  " c ru is e  " consum ption. Note th a t  FALL is  e n te re d  as a NEGATIVE 
v a lu e  . The exp ress ion  is  r e s t r ic t e d  in  i t s  a p p l ic a b i l i t y  to  
roundabouts and urban and suburban speeds; speeds above 75 kph  
co u ld  re q u ite  th e  in tro d u c t io n  o f  a speed squared term , o r a 
c o r re c t io n  fo r  h ig h  speed roads made to  th e  consumptions m easured.
A d d it io n a l v a r ia b le s  o f  1 /V  and V squared were t r i e d ,  b u t  
were n o t s ig n i f ic a n t .
7 .7 .3  G eom etric  D e lay  and F u e l Consumption -  G en era l
R egression  a n a ly s is  was used to  te s t  a la rg e  number o f  
r e la t io n s h ip s  fo r  d e la y  and fu e l  consum ption. W h ile  o th e r  
exp ress ion s  e x p la in in g  a h ig h e r p ro p o rtio n  o f  the  v a r ia n c e  in  th e  
survey d a ta  were o b ta in e d , those in c lu d e d  below a re  thought to  be 
th e  most u s e fu l express ions in c o rp o ra t in g  a l im ite d  number o f  
v a r ia b le s .
As m entioned above, the r e s u lts  fo r  v a r io u s  types o f  
roundabout and fo r  v a rio u s  types o f  tu rn in g  movement were 
in v e s t ig a te d , b u t expressions fo r  a l l  roundabouts and a l l  tu rn in g  
movements taken  to g e th e r a re  g e n e ra lly  as good as exp ress io n s  fo r  
s p e c if ic  su b sets . The form er a re  p r e fe r re d , s in ce  th ey  can be 
a p p lie d  more g e n e ra lly ,  and the  need to  a tte m p t to  c la s s i f y  
roundabouts and movements is  avo id ed . T a b le  7 .2  shows the  mean 
v a lu e s  and range o f the p r in c ip a l  v a r ia b le s  measured.
PAGE 368
VARIABLE MEAN STANDARD DEV CASES
DIST 470 .5000 187.3916 154
JT 38.7857 13.3255 154
CC 59.5130 21.5383 154
KE 199.4416 58.7874 154
APV 54.1753 6.4728 154
MINV 25.3052 7.3718 154
DEPV 54.2078 6.5016 154
DEC 1.3960 0.3927 154
ACC 0.9171 0 .2614 154
INDIST 184.1494 82.8476 154
EXIT 2.3377 1.0980 154
NPN 0 .5848 0 .2790 154
DEFL 90.9416 57.5728 154
ANGLE 185.8117 88.8037 154
AGRD -0 .2 3 5 1 1.6699 154
DGRD 0 .5 0 6 2 1.6601 154
RDIA 46 .4416 32.8987 154
INDIA 59 .8052 33.3351 154
ACDIST 126.8182 114.1444 154
TDIST 89 .9545 59.9487 154
Tab le  7 .2  Means and Standard D e v ia tio n s  fo r  v a r ia b le s  su rv e y e d .
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7.7 .4 Geometric delay .
G eom etric d e la y  has bqen th e  s u b je c t o f  a s e p a ra te  
in v e s t ig a t io n  ( 7 .7 )  and is  n o t considered  in  d e t a i l  h e re . However 
d a ta  on d e la y  was c o lle c te d  as p a r t  o f  the in v e s t ig a t io n  in t o  f u e l  
consumption and th e  r e s u lts  were ana lysed  and compared w ith  th e  
prev io u s  work. C o n s is te n tly  r e l i a b le  re la t io n s h ip s  were found u s ing  
excess t r a v e l  d is ta n c e , the  a n g le  tu rn ed  through by th e  v e h ic le ,  and 
v a rio u s  measures r e la te d  to  speed d if fe r e n c e .  The most e a s i ly  used 
eq u a tio n  re q u ire s  knowledge o f  o n ly  two v a r ia b le s : -
D e lay  d = 0 .0 9 5  X + 0 . 2 9  SPDIFF - 1 .5  (seconds) E q .7 .2
R2 = 0 .9 0
where X is  th e  excess t r a v e l  d is ta n c e  in  m as shown in  F ig u re  ( 7 .  
1)
SPDIFF is  the  d if fe r e n c e  ( (Va + V d ) /2 )  -Vm in  
th a t  is  : (Mean runn ing  speed on approach (V a ) and d e p a rtu re  (V d ) mi 
nus
the minimum speed in roundabout (Vmin)) in kph
A p lo t  showing the  observed versus p re d ic te d  d e la y  u s in g  
th e  above e q u a tio n  is  g iv e n  in  F ig u re  ( 7 .3 a ) .  Each p o in t  re p re s e n ts  
one measurement a t  one s i t e .  The m a jo r ity  o f p o in ts  ly in g  some 
d is ta n c e  from the  p re d ic t io n  a re  U tu rn s  o r r e f le x  tu rn s  on la r g e  
roundabouts. The p lo t te d  p o in ts  in c lu d e  re s u lts  fo r  m in i ,  s m a ll and 
c o n v e n tio n a l roundabouts on ( 7 .3 a ) .  The p re d ic t io n  ho lds e q u a lly  
w e l l  fo r  a l l  types o f  roundabout ; as can be seen from  th e  s e p a ra te  
p lo ts  in  F ig u re s  (7 .3 b ,  7 .3 c ,  7 .3 d  though fo r  m in i roundabouts th e re  
i s  a g en era l o v e re s tim a tio n  o f  d e la y  by about 1 second fo r  13 o f  th e  
16 re s u lts  p lo t te d .
The re s u lt in g  e q u a tio n  agreed w e ll  w ith  f in d in g s  e lsew h ere  
( 7 .7 )  and suggested con fid en ce  in  th e  v a lu es  o f f u e l  consum ption  
o b ta in e d .
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Consumption at Roundabouts
7.7.5 Geometric Fuel Consumption.
T o ta l  F u e l Consumed Through th e  Roundabout.
The t o t a l  f u e l  consumption on a t r i p  through a roundabout 
i s  more e a s i ly  p re d ic te d  than  th e  excess due to  v a rio u s  fa c to rs ;  
w h ile  i t  is  o f te n  more im p o rta n t to  p re d ic t  the excess, th e  t o t a l  is  
a ls o  g iven  below .
By u s ing  o n ly  two v a r ia b le s ,  the d is ta n c e  t r a v e l le d  and 
th e  minimum speed re c o rd e d , the  t o t a l  fu e l  consumed cou ld  be 
p re d ic te d  q u ite  a c c u ra te ly :
T o ta l  F u e l used in  n e g o t ia t in g  roundabout
Fg = 0 .1 2  m -  0 .59V m in  + 1 9 .6  E q .7 .3
R2 = 0 .8 9
W h ils t  the  above exp ress io n  should g e n e ra lly  be 
s a t is fa c t o r y ,  i t  is  p o s s ib le  to  p ro v id e  a more acc u ra te  p r e d ic t io n  
u sing  more v a r ia b le s ,  in c lu d in g  th e  approach and d e p a rtu re  grades
Fg= 0 .1 2  m -0 .8 8 V m in  + 1 .63Ga +1.89G d +0.72V d -0 .007K E  + 2 .4  E q .7 .4
R2 = 0 .9 4
m, Vd, Vmin, and Vd a re  a l l  as d e fin e d  above
Ga is  the  g ra d ie n t  on th e  approach road in  percen t
Gd is  the g ra d ie n t  on th e  d e p a rtu re  road in  p ercen t
KE is  the k in e t ic  energy lo s s  term  Va2 -Vm in2
As b e fo re  th is  exp ress io n  in c lu d es  a l l  types o f  roundabout 
and d ire c t io n s  o f  movement.
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Excess fuel consumed in negotiating the roundabout.
As d e ta ile d  above th e re  a re  two elem ents o f  in c re a s e d  f u e l  
consumption as s o c ia te d  w ith  n e g o t ia t in g  a roundabout. The DELAY 
EXCESS is  s im ply c a lc u la te d  by m u lt ip ly in g  the  d e la y  fo rm u la  in  
E q u atio n  (2 )  by the  id le  consumption r a t e  ( in  the case o f  th e  t e s t  
c a r ,  1 .5  l i t r e s  per hour) thus:
D e la y  Excess fu e l
Fd = 0 .0 4  X +  0 .1 2  SPDIFF + 0 .6
The GEOMETRIC EXCESS g iv e n  below is  th e  excess consumption caused by 
n e g o tia t in g  the roundabout having  a llo w ed  fo r  the DELAY EXCESS FUEL, 
and having presumed th a t  th e  v e h ic le  would have used th e  CRUISE 
CONSUMPTION t r a v e l l in g  a lo n g  th e  tangen ts  i f  the ju n c t io n  w ere n o t  
th e re .
Geom etric Excess f u e l  
Fge = 0 .09  X + 0 .9 8  Vd -0 .5 1  Va -0 .2 7  Vmin - 9 .0  E q .7 .5
R2 = 0 .67
where Fge is  the excess f u e l  used above th a t  fo r  
runn ing  a t  th e  c ru is e  speeds v ia  the  
tangen ts  and above th a t  caused by the  
d e la y  exp erien ced  ( in  cc)
X is  the excess t r a v e l  d is ta n c e  (m)
and Vd, Va, and Vmin a re  a l l  as d e fin e d  above.
A p lo t  o f the  observed versus p re d ic te d  consum ption is  
shown in  F ig u re  ( 7 . 4 ) .
T h is  express ion  would be used in  models such as th a t  
proposed by Robertson e t  a l  (7 .1 )a n d  A k c e lik  ( 7 .5 )  .
I f  the c ru is e  speed on a r r i v a l  and d e p a rtu re  a re  
ap p ro x im ate ly  e q u a l, then th e  express ion  fo r  geom etric  excess can be 
w r i t t e n  as :
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G eom etric
Excess F u e l = 0 .0 9  X +  0 .4 9  SPDIFF + 0 .2 1  Vmin -1 0  E q .7 .6
T o ta l  Excess f u e l  caused by the roundabout.
I f  no a llo w an ce  has been made fo r  th e  d e la y  e x p e rie n c e d , 
th en  the  combined DELAY EXCESS and GEOMETRIC EXCESS can be e s tim a te d  
b y : -
T o ta l  Excess f u e l
Fgd= 0 .1 2  X +  0 .7 6  Vd -0 .4 6  Vmin -  17 E q .7 .7
R 2 = 0 .7 5
where Fgd is  the  excess f u e l  consumption in c lu d in g  
d e la y - r e la te d  excess f u e l  ( i n  cc )
An a l t e r n a t iv e  w hich in c o rp o ra te s  the d e la y  exp erien ce d
i s : -
Fgd= 0 .9 8 d  + 0 .9 3  Vd -0 .6 8 V a  +  0 .0 2 9  Angle -1 2 .9  E q .7 .8
R2 = 0 .8 1
A p lo t  o f  the  observed versus p re d ic te d  consumption is  shown in  
F ig u re  ( 7 .5 a ) .  The p re d ic t io n s  a re  somewhat b e t te r  fo r  th e  la r g e r  
c o n v e n tio n a l roundabouts (7 .5 b )  than fo r  the  sm all and M in i  
roundabouts ( 7 .5 c ) .  The v a lu e s  in  th e  l a t t e r  case a re  s m a lle r  , and 
th e  percentage v a r ia t io n  is  la r g e r  fo r  a g iven  change in  v a r a ia b le .  
C o n sid erin g  th e  o v e r a l l  v a r i a b i l i t y  in  the road g ra d ie n ts , th e  
c u rv a tu re , the a c c e le ra t io n  r a te s ,  the  tim e spent a t  v a r io u s  speeds, 
and the  in h e re n t d i f f i c u l t i e s  o f  f u e l  measurement, the com parisons  
o f  observed and expected  d a ta  a re  g e n e ra lly  s a t is fa c to r y .
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F ig u res  7 .5 b  and 7 .5 c  T o ta l excess fu e l  in c lu d in g  d e la y  
re la te d , excess . Observed vs p re d ic te d  re s u lts  from  Eq 7 .8
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7.7.6 Queueing consumption variations
When a queue fo rm s, the  m a jo r ity  o f  a r r iv a ls  w i l l  jo in  th e  
back o f  an e x is t in g  queue, and s u f fe r  excess fu e l  consum ption bo th  
as a r e s u l t  o f  the  d e la y  exp erien ce d  and the  need to  move up 
re p e a te d ly  in  th e  queue. The le n g th  o f  queue w i l l  a f f e c t  th e  number 
o f  move-up ro u t in e s , b u t i t  is  a ls o  tru e  th a t  the type o f  d is c h a rg e  
a t  the  g iv e  way l i n e  w i l l  be im p o rta n t. For example i f  th e  s tream  
o f  v e h ic le s  c o n t r o l l in g  s e rv ic e  is  u n ifo rm , the queue w i l l  tend  to  
creep  a t  low speed, and th e  consumption w i l l  be a l i t t l e  above th e  
i d l e  ra te  as th e  eng ine lo a d in g  w i l l  be lo w . I f  the stream  o f  
v e h ic le s  c o n t r o l l in g  s e rv ic e  is  s u b je c t to  some in t e r m it t e n t  
c o n tr o l ,  ( such as a t r a f f i c  s ig n a l e lsew here in  the  n e tw o rk , o r  
a n o th er p r io r i t y  stream  e a r l i e r  on the  roundabout), then  th e  queue 
w i l l  move as a s e r ie s  o f  d is c r e te  a c c e le ra t io n s  and d e c e le ra t io n s ,  
w hich may o r may n o t consume more f u e l .  In  ve ry  long queues, (and  
even those fo r  t r a f f i c  s ig n a ls ) ,  where th e  grade is  le v e l  o r  
d o w n h ill,  the movement in  th e  queue some d is ta n c e  b e fo re  th e  
g iv e -w a y /s to p  l in e  has been observed to  be much smoother than  th e  
s e rv ic e  ra te  would su g g est. The p a tte rn  tends towards a consum ption  
r e la te d  to  the  tim e spent and th e  id le  r a t e .  On r is in g  g ra d e s , th e  
p a tte rn  is  much a f fe c te d  by the  in d iv id u a l  d r iv e r  c h a r a c t e r is t ic s .  
Some d r iv e rs  p r e fe r  to  s l ip  th e  c lu tc h  as l i t t l e  as p o s s ib le , and to  
d r iv e  in  a s e r ie s  o f  hops: s to p , a c c e le ra t io n  to  a reaso n ab le
speed, and stop  a g a in . O th ers  smooth out th is  v a r ia t io n  and t r y  to  
keep the v e h ic le  moving s te a d i ly  fo r  as long as p o s s ib le .
The d if fe re n c e s  th is  causes was b r ie f l y  in v e s t ig a te d  on 
th e  sm all road system a t  th e  TRRL te s t  t r a c k .  In  a s im ple  t r i a l  on 
an up grade o f  1 in  37 th e  f u e l  consumed in  d i f f e r e n t  queueing modes 
was reco rd ed . The v e h ic le  was d r iv e n  12 tim es over a p p ro x im a te ly  
150 m. The d r iv e r  drove w ith  the  same jo u rn ey  tim e , b u t in  th re e  
d i f f e r e n t  w ays:-
a )  w ith  fo u r stops o f  1 -2  seconds and d r iv in g  a t  10 kph between;
b ) a t  a continuous c ra w l o f  a p p ro x im a te ly  5 kph;
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and
c)one long  stop  fo llo w e d  by one move a t  h ig h e r speed (a p p ro x im a te ly  
15 kph) The long stop  gave the le a s t  consum ption, and th e  fo u r  stops  
and s t a r ts  re q u ire d  about 15 p e rc e n t more fu e l.T h e  steady  c ra w l 
re q u ire d  a l i t t l e  e x t r a  f u e l  bu t was a ls o  q u ite  econom ical.
D e ta i ls  o f  the  Consumption recorded  d u rin g  th e  te s ts  is  
shown in  T a b le  ( 7 . 3 ) .  The T ab le  shows th a t  on th e  r is in g  grade the  
average run  w ith  fo u r  stops took about 3 -4  seconds le s s  than  the  
o th e r  two te s ts ;  w ith  th e  v e h ic le  s ta t io n a r y  fo r  th is  tim e , the  
average consumption f o r  th e  fo u r  stop  runs would r is e  to  abou t 59 
c c . T h is  t o t a l  is  about 12 p e rcen t h ig h e r than th e  s teady  5 kph  
runs (averag e  5 2 .8 )  and the one stop  p lu s  h ig h e r speed run  (av e ra g e  
5 1 .7 ) .  On th e  down grade the  s teady speed runs a re  28 p e rc e n t  
h ig h e r than  fo r  the  continuous run and 14 p e rcen t h ig h e r than  fo r  
th e  one s to p . There is  c o n s id e ra b le  v a r i a b i l i t y  in  the  queueing  
consumption to t a ls  even when the  jo u rn e y  tim es and th e  mode o f  
b ehav iour is  th e  same; depending on th e  g rad e , the  queueing method 
adopted appears to  a f f e c t  the  re s u lts  by a t  le a s t  10 p e rc e n t, and 
p o s s ib ly  up to  25 p e rc e n t.
In  the  s e c tio n  below , some account has been taken  o f  the  
g ra d ie n t ,  as th e  excess consumption g iv e n  is  the excess above the  
f u e l  th a t  would have been used a t  the  c ru is e  speed on th e  g iv e n  
g ra d ie n t .
7 .7 .7  Consumption in  Queues -  The T r a f f i c  Excess
Throughout this section a clear distinction has been drawn 
between the fuel which would be used by a vehicle whether or not 
other vehicles were present, and the fuel consumption caused by 
other traffic. Thus when approaching a congested roundabout, a 
vehicle may be brought to rest at the rear of a queue and will use 
fuel as it proceeds along the queue, and then as it accelerates from 
the give way line; but the vehicle would have had to decelerate to 
Vmin in order to negotiate the roundabout, and so this part of the 
fuel cost is already accounted for . The traffic is clearly only
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Tab le  7 .3  Test t ra c k  r e s u lts  fo r  th re e  d i f f e r e n t  
modes o f  queueing and steady  10 kph speed over 
a grade o f 1 in  37. on th e  TRRL sm all road system.
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re s p o n s ib le  fo r  th e  d e c e le ra t io n  from  Vmin to  the lo w es t speed in
queue, and fo r  excess f u e l  used d u rin g  th e  queueing s ta g e . N ote
sth a t  the  queueing consumption d ecrib ed  is  fo r  p r io r i t y - t y p e  s e rv ic e  
and the  express ions d e r iv e d  a re  NOT a p p lic a b le  to  t r a f f i c  s ig n a l  
queues.
To ap p ly  the  fo rm u lae  d e riv e d  in  th is  s e c tio n  w i l l  r e q u ir e  
knowledge o f  the  queues expected  a t  roundabouts. Methods o f  
p re d ic t in g  queue len g th s  and t r a f f i c  d e lays  a t  roundabouts a re  g iv e n  
by Kimber and H o l l is  in  TRRL R eport LR 909 ( 7 .1 0 ) .
7 .7 .8  T o ta l  fu e l  consumed in  queue
I n i t i a l l y  measurements were made o f  t o t a l  consum ption  
d u rin g  queueing. The s im p le s t exp ress io n  d e riv e d  fo r  f u e l  
consumption d u rin g  queueing (F q ) r e la te d  th e  consumption to  jo u rn e y  
tim e a lone  : -
Fq = 0 .5 4  t + 5  E q .7 .9
R2 = 0 .8 3
where t  is  the jo u rn ey  tim e in  seconds
T h is  consumption is  about 30 p e rc e n t above the  id le  consum ption  
ra te ;  the co n stan t term  produced by the re g re s s io n  a n a ly s is  should  
be in c lu d ed  when th e  e q u a tio n  is  used p a r t ic u la r ly  fo r  s h o rt queues, 
though i t  has no p h y s ic a l m eaning.
Tak in g  in to  account th e  k in e t ic  energy lo sses  (KE) d u r in g  
queueing gave a b e t te r  e x p la n a t io n : -
Fq = 0 .4 1  t  +  0 .4 2  KE - 1 .7 1  
R2=0.92
where KE is  in  metre 2 per second2
E q .7 .10
u n its .  As m ight be exp ected  th e
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c o e f f ic e n t  fo r  t  is  now a lm ost e x a c t ly  the  id le  consumption r a t e ,  
and th e  a d d it io n a l  f u e l  used is  p ro p o r t io n a l to  the k in e t ic  energy  
changes in  the  queue. The rem ain in g  v a r ia t io n  could  la r g e ly  be 
e x p la in e d  by the d is ta n c e  moved and th e  g ra d ie n t and stopped tim e  
en co u n tered .
As m ight be a n t ic ip a te d  fo r  a queue, the  k in e t ic  energy  
lo s s  could  i t s e l f  be r e la te d  in  p a r t  to  th e  le n g th  o f  queue and the  
g ra d ie n t  o f  the ro ad , and th e  e x p re s s io n  below was d e r iv e d : -
Fq = 0 .3 5  t  +  0 .1 2  L +  0 .0 2 1  R + 0 . 7  E q .7 .1 1
where L is  the  le n g th  o f  th e  queue in  m
and R is  the  r is e  in  m etres  o ver le n g th  L
R2 = 0 .9 4
T h is  can be used i f  the  d e la y , le n g th  o f  queue expected , and the  
g ra d ie n t  a re  known or can be e s tim a te d . For a more a c c u ra te  
assessm ent, a llow ance should be made fo r  the  fu e l  th a t  would be used 
a t  th e  c ru is e  speed w h ile  t r a v e rs in g  th e  queue le n g th . T h is  can be 
found from  E q u atio n  ( 7 .1 )  and s u b tra c te d  from  the above.
7 .7 .9  Consumption during service at the give way line .
When vehicles are queueing, addition of the geometric 
consumption and the queueing consumption will include all but the 
consumption of fuel while at rest at the head of the queue, that is, 
the service consumption.
Under conditions of queue, the service consumption can be 
taken as the idling consumption rate. This will underestimate the 
actual consumption, but not greatly as the engine is not under load.
No results are reported for service at roundabouts where
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th e re  a re  no queues. I t  became c le a r  th a t  v e h ic le s  in  m otion  
approach ing  th e  g iv e  way l in e  could  e a s i ly  a d ju s t speed to  
accomodate one p r i o r i t y  v e h ic le  on th e  roundabout and l i t t l e  excess  
f u e l  was consumed (F ig u re  ( 7 . 6 ) .
T h is  f ig u r e  shows th e  e f f e c t  o f  zero  p r io r i t y  v e h ic le s ,  1 ,  
2 ,  and 7 p r i o r i t y  v e h ic le s  passing  across in  f r o n t  o f  the  t e s t  c a r  
on fo u r  sep a ra te  runs th rough Roundabout 4 tu rn  6 (a  s t r a ig h t  ahead  
movement a t  a s m a ll ro u n d ab o u t). The d is ta n c e  and f u e l  p lo ts  (1  and 
2 above) a re  a lm ost id e n t ic a l  fo r  ze ro  and 1 p r io r i t y  v e h ic le s ,  b u t  
w ith  two v e h ic le s  th e  d r iv e r  is  a lm ost h a lte d  ( 3 ,  b e lo w ), as 
v i s i b i l i t y  to  th e  l e f t  is  l im i t e d ,  and speed ad justm ent was more 
d i f f i c u l t .  W ith  seven p r i o r i t y  v e h ic le s  ( 4 ,  below) th e re  is  no 
p o s s ib i l i t y  o f  speed a d ju s tm e n t.
On some roundabouts w ith  good v i s i b i l i t y  th is  ad ju s tm en t  
cou ld  be made fo r  more than  one p r io r i t y  v e h ic le ,  though o b v io u s ly  
w ith  more d i f f i c u l t y .  G iven  th a t  a reasonab le  e s tim a te  o f  t r a f f i c  
d e la y  a t  a roundabout can be o b ta in e d , i t  is  suggested th a t  no 
s e p a ra te  a llow ance  is  needed fo r  d e la y  o r consumption a w a it in g  
s e rv ic e  a t  th e  head o f  the  queue a t  low flo w  c o n d it io n s .
7 .8  D iscu ss io n
7 .8 .1  G enera l
As has been d e s c rib e d  above, one m ajor problem  in  s tu d y in g  
f u e l  consumption is  th a t  i t  is  no t p o s s ib le  to  c o l le c t  d a ta  by 
o b serv in g  the  p o p u la tio n  a t  la rg e  w ith o u t th e ir  d e ta i le d  in vo lvem en t  
and knowledge. However some assessment was made o f  w hether th e  
roundabout re s u lts  cou ld  be taken  as reasonab ly  t y p ic a l .  The o n ly  
comparison between the  roundabout geom etric  fu e l  s tu d ie s  u s in g  th e  
t e s t  ca r and s tu d ie s  in v o lv in g  the g e n e ra l p u b lic  were in d i r e c t
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Roundabout 4. Turn 6.
Notes: Each *  of fuel s1cc and of distance = 0-466m.
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VELOCITY HISTOGRAMS with PRIORITY VEHICLES
F ig u re  7 .6  V e lo c ity  h is togram s w ith  v a ry in g  numbers o f  
p r io r i t y  v e h ic le s  a t  the  same roundabout. PAGE 385
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ones. The de lays  measured in  th e  te s ts  were comparable to  those  
d e r iv e d  by McDonald and Noon ( 7 .7 )  in  t h e i r  p u b lic  road exp erim en ts  
m easuring geom etric  d e la y  and t h is  suggests th a t  the  f u e l  r e s u lts  
m ig h t be taken  as reasonab le  e s tim a to rs  o f  norm al c o n d it io n s .
7 .8 .2  D ata  E v a lu a tio n .
The in te rm e d ia te  s tag e  o f  manual exam in atio n  o f  the
recorded  re s u lts  proved to  be an im p o rta n t s tep  in  im proving
r e l i a b i l i t y  and accuracy o f  th e  d a ta , s in ce  a l l  read in g s  c o n ta in in g  
extraneous e f fe c ts  caused by o th e r  v e h ic le s  noted on th e  lo g  sh eets  
co u ld  be e lim in a te d . Recorded d is ta n c e s  could  be compared w ith  th e  
s ta n d a rd , and r e s u lts  were n o t in c lu d e d  in  the  a n a ly s is  u n less  th ey
w ere f r e e  from  re c o rd in g  e r r o r s .  The f u e l  consumption was examined
on th e  second-by second computer o u tp u t and the  m eter was seen to  be 
c o n s is te n t both in  th a t  re p e a te d  runs produced near id e n t ic a l  
r e s u l ts ,  and th a t  the c c .s  o f  f u e l  recorded  fo llo w e d  th e  speed 
p r o f i l e  in  a r e a l i s t i c  manner. The accuracy o f  the f u e l  o u tp u t was 
checked by r e c a l ib r a t io n  a g a in s t an o v a l gear fu e l  m eter a f t e r  
com pletion  o f  the te s ts  and d if fe re n c e s  o f  le s s  than 5 p e rc e n t were  
reco rd ed .
7 .8 .3  A p p l ic a b i l i t y .
The r e s u lts  a re  drawn from  as w ide a c ro s s -s e c tio n  o f  
roundabout types and tu rn in g  movements as p o s s ib le , and can be 
a p p lie d  g e n e ra lly  except in  so f a r  as they  re p re s e n t the  r e s u lts  
from  one d r iv e r  and one v e h ic le .
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7.8.4 Driver and Vehicle comparisons.
Some approximate comparisons of the Driver 4 with other 
test car drivers showed that in urban traffic in Coventry the test 
driver drove on average 4 percent slower than the average of 6 other 
drivers, and with 12 percent fewer kinetic energy losses. In the 
conditions of test neither variation is excessive; there is 
therefore no reason to suppose that this driver is in any way 
exceptional when Waters and Laker (7.2) report variations between 
drivers of up to 50 percent.
The vehicle used (described in Section (5.2.2)) was a 2.2 
litre engine automatic, rather heavier on fuel than the average car 
in The United Kingdom. White and Audus (7.11) give a relationship 
between engine size and fuel consumption on the E C E urban cycle 
which would suggest that a 2.2 litre engine would consume 13.1 
litres per 100 km (22 mpg) as opposed to approximately 10.4 litre 
per 100 km (27 mpg) for the average 1400 cc engine.
The same 2.2 litre engine in a more recent vehicle gave an 
overall consumption of 13.3 1 per 100 km (22 m.p.g). This would 
suggest that on the ECE cycle the average car in Britain uses about 
80 percent of the fuel that the test car does.
Comparisons with previous work at TRRL (7.13) by Everall 
suggest that over the speed range 20 -50 kph, the test car averaged 
6 to 20 percent higher consumption than Everall's "average car", and 
from 85 to 95 percent of the consumption of Everall’s average 
vehicle. There are complex problems in generalising the results 
from one vehicle, and it is accepted that a more accurate multiplier 
could be devised. There is no reason to say that the ECE cycle does 
not provide a simple means of comparison for roundabouts, and none 
to say that it is. There will in any case be different fuel /speed 
relationships for different classes of vehicle, depending on, for 
example, the power to weight ratio. It is clear that more detailed 
descriptions of the urban fuel consumption of the present vehicle 
fleet are required. However, and only as a first approximation, the 
average fuel consumption for all vehicles in roundabouts could be
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estimated by multiplying the above equations by a factor of 1.1. 
Thia will allow for the scaling from above*average"car to Everall's 
figure for all vehicles.
This is not a v >ery satisfactory assessment, but the work 
needed to provide a more up to date figure is outside the scope of 
this Thesis.
7.8.5 Discussion of expressions derived.
The expressions presented are the best simple linear 
expressions derived using a limited number of variables. Given the 
inherent variability of fuel consumption measurements, and the 
approximations introduced, the R2 coefficients of determination 
obtained suggest that the expressions provide a good first 
approximation for the fuel consumption in roundabouts.
The negative constants that appear in some of the 
equations are explained by the inclusion of left turns in the data. 
Left turning vehicles may have a shorter journey than the assumed 
journey via the tangents, and may or may not operate at more 
economic speeds than the cruise speed.
7.8.6 Types of movement and types of roundabout.
The estimation of fuel consumption for different turning 
movements and for different roundabout types was carried out, but 
the expressions derived were generally no better at explaining the 
data recorded than the expressions for all movements and all 
roundabouts. This is perhaps not unexpected as the type of 
manoeuvre and the consequent forces applied to the vehicle are 
similar in principle.
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7.8.7 Examination of other variables.
A list of other variables examined to identify 
relationships between fuel consumption and physical parameters is 
given in Appendix 7.2. Some of them were of minor significance: 
for example, in many categories of roundabout the central island 
diameter explained so little of the variation in fuel consumption or 
delay that it did not appear in any useful predictive regression 
equations. This outcome may seem surprising; it results from the 
poor correlation between the roundabout diameter and the excess 
distance travelled by vehicles turning at roundabouts.
(Only about a quarter of the variation in excess distance 
could be explained by the roundabout size). The Bendiness Index 
(angle turned through per unit distance) and the inscribed circle 
diameter were also of less relevance than anticipated.
Cross correlations of only about 0.7 were found between 
approach and departure speeds, despite the means and standard 
deviations being almost identical. Both were necessarily correlated 
with the mean speed derived from them, but were not highly 
correlated with the minimum speed: this result was also not as 
anticipated. It was expected that the minimum design speed for a 
roundabout would be higher for a high speed road due to the larger 
roundabout size generally experienced, and to the high approach 
speed tending to lead the driver into a higher entry speed to the 
roundabout. This does not appear to be the case.
In some cases, cross correlation of the variables existed. 
In general the deviations of these variables about their mean was 
large. The coefficients derived did not appear unduly sensitive to 
large variation when the sample frame was changed, except when the 
samples were known to have different characteristics, and to have 
been drawn from different sub-populations. In the expressions given 
above, where cross correlated variables have been included they have 
added substantially to the explanation of the dependent variable, 
and must therefore have a relationship to the dependent variable 
different from the cross-correlation attribute.
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As expected, high cross-correlation was found 
between the angle turned by the vehicle negotiating the roundabout 
and the excess distance travelled through the roundabout (above the 
distance via the tangents). In some subpopulations this amounted to 
between 0.8 and 0.84 The resulting equations using both variables 
appear quite stable, and the coefficients have acceptable standard 
errors. Thus whilst it is clear that the usual effect of travelling 
an extra distance on a roundabout is that the angle turned through 
is also increased, each of these increases stands proxy for a 
different effect: the extra angle can be taken as an increase in
centifugal forces experienced, and the distance will represent 
travel at reduced speed etcetera. Their contribution to the final 
fuel consumption is therefore likely to be different, even though 
they are interrelated.
7.8.8 Queues
Comparison of driver behaviour in queues was not possible, 
so a limited number of tests were made to gauge the effect of 
different driving "tactics" in queues. The same car and driver were 
used. The results showed that 10 - 15 percent increases in fuel 
consumption were quite possible if the driver adopted different 
stop/start or crawling routines when queueing. This variation can 
be explained in terms of the engine operating at the idle rate while 
stationary, and at reasonable efficiency during the higher 
accelerations but inefficiently at lower speeds and torques. Thus a 
variation of 5 to 15 percent is possible with the same driver, the 
same delay and the same length of queue but with a different mode of 
queueing behaviour. The figures for fuel used in queueing are 
therefore thought to be conservative.
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7.9 General conclusions.
Using the apparatus described, simple linear expressions 
have been derived for fuel consumption at roundabouts in urban areas. 
These apply to a 2.2 litre car, and the average vehicle can be 
approximated by multiplying the results by 1.1. The results cannot 
conveniently be compared with results from the general public, but in 
view of the similarity between the delays recorded during this 
experiment and those recorded by other researchers, it is thought that 
they are a reasonable representation of the fuel consumption at 
roundabouts.
Assuming that the entry and exit cruise speeds are 
approximately the same, the extra consumption (in cc) caused by delay 
can be defined by the extra metres travelled (X) negotiating the 
roundabout and the difference (in kph) between the cruise speed and 
the minimum speed at the roundabout:
Fd = 0.04 X +0.12 SPDIFF +0.6
The extra consumption in addition to the above caused by the geometry 
is given by:
Fge = 0.09 X + 0.49 SPDIFF + 0.21 Vmin -10 
where Vmin is the minimum speed.
Other expressions for these consumption rates are given in the text.
The consumption in queues was found to be related to the 
time spent queueing (t, in sec), the length of queue (L, in m) and the 
rise (R in m.) of the road on which the queueing took place. The 
simplest expression was:
Fq =0.5 t + 5
but a more accurate estimate can be obtained from:- 
Fq = 0.35 t + 0.12 L + 0.021 R
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The equations derived apply to all forms of roundabout, 
except ring junctions and multiple roundabouts, which were not 
investigated.
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8 CHAPTER EIGHT JUNCTION GEOMETRY AND. PART STOPS
Summary
The effect of simple curves and part stops on fuel consumption 
are evaluated from test track data. Some field data is compared with 
the results identified.The excess fuel is simply expressed, but no 
strong relationship was found between the fuel data recorded and the 
delay observed. For the part stop data the relationship currently used 
by Robertson, Lucas and Baker is suggested as an upper bound to the KE 
loss for given delay, and a lower bound proposed. If the delay has to 
be used to estimate fuel consumption, it is suggested that minimum speed 
rather than KE loss is a better estimator.
8.1 Introduction.
Geometric design is one of the principal determinants of 
speed, capacity and safety (see for example References 8.1-3); fuel 
consumption effects of geometry have been recognised and indirectly 
assessed by means of delay.
In rural areas the use of large radii and properly 
superelevated carriageways have lead to the assumption that there is 
little excess fuel consumption attributable to geometry. This is not 
so: curvature implies an increase in Route Factor. (Route Factor is
defined as the ratio of actual trip length divided by airline trip 
length.) A poor Route Factor implies considerable unnecessary fuel, 
even if the vehicle is driven economically and at steady speed.
In urban areas, and on below standard routes, and at all 
priority intersections, geometric effects are more obvious. Tight 
radii cause losses in kinetic energy as the driver slows to negotiate 
the curve safely and on a predictable path.
At other types of intersection, particularly signal
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controlled intersections, vehicles will have to slow if they leave the 
main carriageway; whatever the signal setting there will be some 
delay and some increase in fuel consumption caused by the junction 
layout.
Curvature is also responsible for other losses caused by 
overcoming centrifugal forces (8.4). In addition there are two more 
indirect areas of loss. Queues and delays may occur simply because of 
the junction design, irrespective of any priority requirements, and 
there will be further losses incurred by wear and tear of the vehicle. 
However, the main causes of excess fuel consumption are the KE losses 
and the need to overcome centrifugal forces. To provide some data for 
evaluating priority and signalised junction layouts, it was decided to 
examine the effect of simple curvature, and to examine the excess 
consumption caused by simple speed reductions. The fuel used while 
negotiating a bend was obtained, and several estimates made of 
"excess" fuel. (The excess is the extra fuel above that required at 
cruise speed). Conclusions are drawn as to the usefulness of the 
results. Estimates from simple slow-down speed-up cycles ("part 
stops") were also found experimentally, and these results compared 
with the geometric results.
8.1.1 Priority intersections
In priority intersections, there are two distinct types of 
movement: those where the driver who is manoeuvring has to stop or
slow because of other traffic, or because the priority system 
requires him to; and those where he proceeds without hindrance 
except from the road curvature. The two components of these 
movements were briefly investigated on the test track at Crowthorne, 
using the driver and vehicle as described above. First the effect 
of geometry was evaluated with the driver concerned only to approach 
and depart at a steady speed; any speed reduction was due to the 
curvature he was to negotiate.
As a separate study the effect of stops and partial stops
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was examined; full and part stops occur frequently at junctions, 
and there are several estimates of the consumption involved.
Results fromn the test track were compared with field data from 
Reading.
These two elements can be taken separately and combined to 
assess the fuel consumption caused at a priority intersection .
The first component can also be used to assess the 
consumption attributable to a bend between junctions. The second is 
also useful as in a traffic stream in urban areas vehicles are often 
compelled to reduce speed without actually stopping.
8.1.2 Signalised intersections
Generally, the geometry of a signalised intersection is 
much the same as a priority intersection. To some extent the degree 
of channelisation is different because for signal control there is 
not the same need to provide shelter for right turning vehicles from 
the minor approaches; the time sharing allows vehicles to wait in 
positions used later in the cycle. There are also some differences* 
in the turning radii and the position that vehicles should adopt 
entering and leaving the intersection. These differences are not as 
great as the range of variables within each type of intersection, 
and the two junction types have been considered together.
8.2 JUNCTION GEOMETRY and excess consumption -Introduction.
The major variables studied were the cruise speed, radius 
and angle of turn.
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8.2.1 Test procedure
Various angles and radii were set out on the central area 
of the test track at the Road Research Laboratory and these are 
indicated in Figure (8.1). As can be seen from the figure, five - 
different angles were used with deflection angles from 45 degrees to 
135 degrees, representing at one extreme a minor departure from the 
original direction, and at the other a reflex turn. Four different 
radii were used at' each angle. These were 6, 10, 30 and 60 m. (The 
6m radius represents a fairly tight left turn corner in, say, a 
housing estate, and the 10m radius is a standard minimum desirable 
design radius at junctions. The 60m radius represents the larger 
radii frequently found in an at grade intersection.)
The angles were set out in such a way that the two 
tangents on approach and departure from the curve to be assessed 
were at the same gradient, (see Figure 8.2).
The kerb lines were marked out using wooden "blisters"
which were about 25 cm square and with a rise in the centre of
approximately 5 cm. Viewed from the driving seat, these gave a 
realistic simulation of a kerb line or centre of carriageway line. -
It was not possible to randomise the order of driving for
speed, angle and radius which might have been desirable, because the
setting out of each kerb required considerable time and effort.
Plate (8.1) and Plate (8.2) show the tests being 
undertaken. Initially sets of "blisters" were also used to 
represent a kerb line approximately 7 m outside the tangent line on 
approach and departure from the curve (Plate 8.3). The intention 
was to try and simulate the effect of driving on a roadway rather 
than the central area of the test track. These were discarded on 
later tests as they did not apparently influence the driver, who 
followed the tangent and curved path fairly closely.
Each run was commenced with the vehicle off the central
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Figure 8-1 Layout of 6,10,30 and 60m curves with 
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Plates 8.1 and 8.2 Geometric tests being undertaken at the 
TRRL Crowthorne test track. (Photos R99/81/2 and /5 
reproduced with permission.)
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Plate 8.3 Kerbline and "carriageway" marked by blisters 
TRRL Crowthorne test track. (Photo R99/81/7 
reproduced with permission.)
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area and it was brought up to speed before entering at either (A) or 
(B). On entry the driver smoothed the change of direction at (A) or 
(B) to the largest practicable radius and in this way the change in 
direction necessary on entering the central area had as little 
influence as possible on the test results. To assist this, the 
tangent line blisters were not carried out to positions (A) and (B), 
but were stopped some distance short to allow the driver some 
latitude as to the position of his vehicle when passing point (A) or 
(B).
The test runs began with the largest deflection angle and 
the smallest radius and at the lowest speed. Using the same angle 
and radius the runs were repeated at four different speeds, that is 
20, 30, 40 and 50 kph. At each speed, the run (A) to (B) was 
followed by a run from (B) to (A) (that is on the rising gradient in 
the first case and a falling gradient in the second).
Once all the speed runs for one radius had been completed,
the next highest radius was surveyed and all the speeds, up and down 
gradient, carried out before progressing to the next larger radius. 
Having completed all the radii at one angle, runs were commenced on 
the next angle again starting at the smallest radius and lowest 
speeds.
The run finished a considerable distance from the actual 
curve in order to ensure that the test car had plenty of time to 
regain the steady speed by acceleration from the curve without the 
driver being influenced by the approach of the end of the test 
section. Both timing points were located approximately 50 m into
the approach roads at either end and an observer sitting next to the
driver operated a push-button on passing these points which allowed 
intermediate totalling of time, distance, fuel and kinetic energy. 
The car and the measuring equipment are as described above. The 
driver was Driver 4 from the Coventry Survey. All the runs were 
completed during daylight hours on 19th and 20th March 1981 during 
fine warm weather.
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8.2.2 Definition of parameters studied..
Definitions of the information collected and the variables 
derived from them are given in Table 8.1. The speed measurements 
are all in kph units.
Some of the terms used can be identified on Figure 8.2. 
Definitions requiring further explanation are:
DELAY
This is the actual time taken to travel DIST (between 
timing points A and B on the actual route) less the time that would 
have been taken at the cruise speed over the same route.
GDIST
This is the distance travelled along the route at constant 
grade - that is, the total DIST less the arc length.
TDEL
This is the actual time taken to travel DIST less the time 
that would have been taken if the vehicle had travelled at the 
cruise speed via the IP ( that is, along the tangents). It is 
compatible with the definition of delay used in the analysis of 
roundabouts.
XSCC
XSCC is defined mathematically in Table 8.1. It is the 
difference between the actual consumption over DIST and the 
consumption predicted if the vehicle had travelled over DIST at the 
given speed and if the grade had been constant at the tangent grade.
XSXS
This is the difference between the actual fuel consumed
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Definitions of data collected
DEFL,DEFLECTION ANGLE IN DEGREES 0 
RAD,RADIUS OF CIRCULAR ARC IN M R 
GRADE,GRADIENT ON TANGENT IN PERCENT 
DIST,MEASURED DIST BET REF POINTS IN M 
AV,MEASURED MEAN SPEED ON APPROACH 
MINV,MEASURED MINIMUM SPEED ON TURN 
DV,MEASURED MEAN SPEED ON DEPARTURE 
CC,FUEL CONSUMED BET REF POINTS IN CC 
SEC,ELAPSED TIME IN SEC BET REF PTS
Definitions of variables derived from the data.
ARC , LENGTH OF ARC IN M S F
TANL,TANGENT LENGTH IN MSP,PF
CRUISE,AV MEAN STEADY SPEED ON APPR & DEP KPH
TDIST,DIST BET REF PTS VIA IP OF DEFL
DELAY,ACTUAL JT MINUS CRUISE JT FOR DIST
GDIST,TOTAL DIST MINUS ARC LENGTH
TDEL,ACT JT MINUS CRUISE JT VIA IP OF DEFL .
XSCC,XS FC OVER TRAV AT CRUISE NO GRDE CTN M  a a 
TXSCC,XS FC OVER TRAV AT CRUISE VIA IP OF ANG > T  i t  
XSXS,XS FC OVER CRU VIA IP LESS TDEL*1.5%3.6 
XSODD, XSXS WITH 1.75 AS IDLE RATE 
XSDIST, ARC LESS TWICE TAN LENGTH SF-(SP+PF) 
CXSCC,XS FC OVR CRUISE INTEG FOR GRDE ON ARC"^ 
RTRAD, SQUARE ROOT OF RADIUS 
KEGEOM,KINETIC ENERGY LOT IN TURN MM PER SS 
SPDIFF, CRUISE SPEED LESS MINV
itfor rising gradients:
XSCC = CC - (( DIST/100 ) * ( 15.4 + 0.95*GRADE - 0 .097*CRUISE)) 
for descending gradients:
XSCC = CC - (( DIST/100 ) * ( 15.4 + 1.47*GRADE - 0.097*CRUIS£))
TXSCC is as above for XSCC but with TDIST in place of DIST.
I for rising gradients:
7 T  CXSCC = CC -.■((( GDIST/100)*(15.4 +0.95*GRADE - 0 .097*CRUISE)) +
(2*RAD*DEPL*0.0087-3*(15.4 - 0 .097*C'RUISE)) /100 +
(2*0.95*1.88*RAD*sin(DEFL*0.00873))/l00)
CXSCC for falling grades 0.95*GRADE becomes 1.47*GRADE .
Table8.1 Definitions of variables used in Geometric study.
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and the consumption predicted if
i) the vehicle had travelled via the IP, and
ii) less an amount for the difference between actual time and the 
predicted time via the tangent at the cruise speed.
TXSCC
This is defined mathematically in Table 8.1. It is the 
extra fuel used in negotiating the bend less the amount consumed if 
the vehicle had proceeded along the tangents ( with an instantaneous 
change of direction at the IP and had travelled at the cruise 
speed.)
,cxscc
This is defined mathematically in Table 8.1. It Is the 
extra fuel used in negotiating the bend less the amount estimated to 
be consumed if the vehicle had adopted the actual path taken around 
the curve, had travelled at the cruise speed, and had no additional 
losses from centrifugal forces, KE changes etc; this estimate being 
based on the actual varying gradient encountered during the bend.
TXSCC is therefore similarly defined to Fgd in Chapter 7 . 
Fgd is the sum of the Delay excess consumption and the geometric 
excess consumption as defined on Pages 345 and 346. TXSCC is also 
similarly defined to the excess fuel consumed in a part stop ACXSCC 
later in this chapter.
While TXSCC is compatible with other expressions in this 
thesis, it was thought desirable to provide comparisons betwen the 
actual fuel used and the fuel that would be used if the vehicle had 
travelled the same distance but had not had to negotiate the curve. 
XSCC is an approximation to this. CXSCC , as defined in Table 8.1 
will be more precise , and the expression is derived overleaf.
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For CXSCC, a more accurate comparison was made, assuming 
that the car would travel at the cruise speed around the
circular arc, but at the constant consumption rate associated
with the actual gradient. This is detailed below:
As can be seen from Figure 8.2, as the test car traverses the 
circular arc, gradient increases from the tangent gradient to the maximum, 
and back to the same tangent gradient.
For the range of steady cruise speeds and constant gradients used in these 
tests, fuel consumption is a linear function of the gradient and speed such 
that if F is the fuel consumed per m
F = a + b.v + £ c . G  -cd.GdJ Eqn.8 1
a, b, are constants
c and cd are constants for rising and falling grades respectively
v is the speed in kph
G is the rising gradient in percent
Gd is the descending gradient in percent
Speed was varied for given gradient in the experiment carried out, 
so for a given speed (EqnS.l) can be written:
In the experiment, a circular path was run by the vehicle over a flat plane 
of maximum gradient, GMAX , and by integrating the instantaneous fuel 
consumption a more accurate prediction can be obtained of the fuel consumed
at steady speed in traversing an arc from -0/2 to +0/2 on either side of
the level line, as on Figure 2. (That is, running from G1 through 
GMAX to G1 again as <(> -*»' -0/2-*-0-►0/2) •
Now the gradient at any angle <j) from the level line =
GcJ> = GMAX. cosc|) (i.e. when <j> = 90, G<|> = 0).
and for any short length of arc, 6s = R.6<|) , the fuel consumed 
will be:
per m
Fv.6s = (A + c.G<|> )R6<|> = (A + c.GMAX.cos<|) )Rd<j) = C’v Eq 8.2
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where C’v is the instantaneous fuel consumption.
C’v = F^ .Ss = (A + cGMAX. cos<() )R,8<|>
to find the fuel consumed from <J> = -0/2 to <J> = 0/2
1  
’ 2
C'v%d<J) = (A.R.d<|> + c.R.GMAX.cos <j) , d(j) )
J - I
2
g iv m g
Cv = j^ A.R.<|) + c.R. GMAX. sin <f> ^ Eq 8.3
1-0 
2
Thus for the total arc from -0/2 to +0/2 the fuel consumed is:
Fv = Cv.d = 2.A.R.j)_ + 2.c.R .GMAX.sin0_
2 2
If the vehicle traverses the route in the opposite direction, 
for negative gradient, thenc +  cd and GMAX— GMIN  ^ and 
Fv = 2.A.R 0/2 + 2cd.R.GMIN, .sin0/2 
Note: GMIN is negative so the resultant fuel consumption will be less than
AR0 .
Using the equation derived in Eq.7.1 on p367 f°r steady speed runs 
on various gradients, and substituting the maximum test gradient 
of 1.88 percent then gives :-
For positive gradient predicted fuel consumption without geometric effects 
Fv = 2(15.4 - O.O97V)R0 + 2(0.95)R x 1.88 sin0_ Eq 8,4
7 2
and for negative gradient
Fv = 2(15.4 - 0.097V)R£ - 2( 1.47)R x 1.88 sin 0_ Eq8.5
2 2
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8.3 Analysis of consumption caused by simple geometry
The data collected and the Simple Correlation Coefficients 
derived from them are shown in Tables (8.2 a to e and in 8.3 a and b). 
No corrections or modifications have been made to the data. The runs 
at a deflection angle of 120 degrees and a radius of 30 m were not 
recorded fully; they have been omitted from the data and the Table.
The results were analysed using the standard regression 
program in the SPSS suite described above.
8.3.1 Simple Correlations.
Table 8.3 shows the correlation coefficients for the data 
and there are several points worthy of note:
V.
DIST is correlated with DEFL because the layout of the 
deflection angles on the test track took up almost the whole of the 
central area. Large Deflections and high speeds determined the : . 
position of the start and finish points. Ideally these should have 
been moved back along the test track approaches to the central area 
(so DIST remained the same) as the deflection angle reduced.
However this could not be done without considerable risk of 
misestimation of fuel. The gradient and curvature of these approach 
roads would affect the consumption of the test vehicle.
AV and DV, the approach and departure speeds are highly 
correlated, confirming the information in Table 8.2, that the driver 
was able to adopt the required speeds fairly well.
There is a good simple correlation between MINV and RAD; 
this is discussed further below. MINV is also related to the cruise 
speeds (simple correlation 0.41 with AV and 0.42 with DV). This was 
also investigated further, as estimates of MINV appear useful. MINV 
is also, as expected, correlated with SEC.
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Defl.
Angle
Deg.
Rad.
in
m
Grade
in
percent
Dist
in
m
Va
Speed
Vmin
kph
Vd
Fuel
in
cc
JT
sec
135 06 0.72 490 19.8 11.8 21.5 79 86
135 06 -0.72 496 21.5 14.9 21.5 64 85
135 06 0.72 491 29.7 14.9 28.1 68 65
135 06 -0.72 487 29.7 16.5 29.7 57 62
135 06 0.72 506 38.8 16.5 38.8 72 52
135 06 -0.72 491 38.8 18.2 39.7 61 50
135 06 0.72 490 47.9 16.5 47.9 68 43
135 06 -0-72 499 51.2 16.5 49.6 58 44
135 06 0.72 499 56.2 18.2 56.2 70 38
135 06 -0.72 500 57.8 16.5 57.8 62 38
135 10 0.72 482 19.8 16.5 21.5 71 82
135 10 -0.72 482 21.5 19.8 23.1 57 80
135 10 0.72 484 29.7 19.8 29.7 66 60
135 10 -0.72 483 30.6 19.8 29.7 52 60
135 10 0.72 483 38.8 19.8 38.8 72 49
135 10 -0.72 486 39.7 19.8 38.0 54 49
135 10 0.72 471 46.3 19.8 46.3 65 41
135 10 -0.72 477 47.9 19.8 47.9 54 41
135 10 0.72 477 57.8 19.8 57.8 67 37
135 10 -0.72 482 57.8 21.5 57.8 61 37
135 30 0.72 436 21.5 19.8 23.1 65 71
135 30 -0.72 440 20.7 19.8 23.1 72 72
135 30 0.72 431 28.1 26.4 29.7 60 54
135 30 -0.72 437 29.7 28.1 31.4 45 52
135 30 0.72 437 38.0 28.1 38.0 61 43
135 30 -0.72 431 38.8 29.7 38.8 45 42
135 30 0.72 421 46.3 28.1 46.3 59 37
135 30 -0.72 430 47.9 31.4 48.7 43 36
135 30 0.72 533 57.0 28.1 56.2 76 40
135 30 -0.72 435 57.0 31.4 57.8 51 32
135 60 0.72 353 21.5 21.5 21.5 49 57
135 60 -0.72 361 21.5 21.5 23.1 40 60
135 60 0.72 363 28.1 26.4 29.7 50 44
135 60 -0.72 363 29.7 28.1 29.7 36 43
135 60 0.72 363 38.0 34.7 38.0 51 34
135 60 -0.72 358 38.0 36.4 39.7 29 33
135 60 0.72 353 46.5 36.4 39.7 38 31
135 60 -0.72 368 46.3 38.0 49.6 34 30
135 60 0.72 359 54.5 39.7 60.0 47 26
135 60 -0.72 351 54.5 39.7 56.2 39 26
Table8,2a Effect of Geometry on Fuel -track, data
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On Table 8.3 b it can be seen that CC has a higher simple 
correlation with SPDIFF than with KEGEOM. This was a little 
surprising. The expected effect was that the kinetic energy change 
would be a better explanation of consumption than simple difference 
in speed. The same relationship appears with XSCC, TXSCC, and 
ACXSCC, in which the KE change should be, and is, more directly 
related to the consumption. SPDIFF and KEGEOM are strongly 
cross-correlated themselves, but it is clear that the difference in 
speed is explaining more than just the fuel related to KE change.
The three estimates of excess fuel consumption exhibit 
multicollinearity; the lack of any strong dependence on Deflection 
angle DEFL is noticeable. The range of DEFL was very large ( from 
45 to 135 degrees). During the tests the deflection angle decreased 
as the tangent gradient increased; it may be thought that this may 
obscure the effect of the Deflection angle. (A large deflection 
angle could be expected to increase consumption, and a steeper 
gradient also increases consumption. Thes two factors act against 
one another in the tests.) However the estimates for excess fuel 
have all been corrected for gradient, at least as far as the steady 
speed component is concerned. This can be seen from their 
derivations. Any effect therefore might be related to a difference 
in acceleration on the steeper grades, which could lead to the 
automatic gear delaying the upward change to top gear. There is no 
evidence for this in the data; the poor correlations would in any ; 
case not be entirely explained by this.
8.3.2 Estimation of Total fuel consumption.
As in the previous sections Multiple Regression analysis 
was used to obtain a predictive equation. Tables 8.4a and8.4b 
illustrate the importance of speed related terms rather than 
geometric terms in estimating the total fuel consumption in a simple 
curve. The expression :
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CC = 0.079DIST +4.7GRADE -0.39MINV +0.33SEC +0.29CRUISE +3.5 
Eqn 8.6
(81) (524) (72) (25) ' (19)
R2 = 0.94
explains 93.8 percent of the variability in CC during the tests, and 
all the variables entered have high F values, and add to the 
variability explained. Neither Deflection angle nor radius add to 
the explanation (Table 8.4a)
However, as can be seen from Figure 8.3 where the results 
for 90 degree turns are plotted, radius can be used as a predictor 
of fuel. The plot shows the fuel consumed for negotiating various 
radii with various approach speeds. This was examined further.
Estimates were made of the fuel consumption per metre 
travelled, with radius used as one of the independent variables. 
Consumption per unit distance was defined as UNITCC. Unfortunately 
the results for unit consumption are influenced by the length of 
trip at cruise speed. (That is, the length during the test that the 
vehicle cruises.) This varies during the test from deflection angle 
to deflection angle; the results in Equation 8.7 and 8.8 below are 
not very reliable, but could be used as an indication.
Table 8.5 shows the results for UNITCC. The deflection 
angle does not appear important. The expression derived (in ,cc per 
m) is
UNITCC = 0.014.GRADE - 0.00027.RAD - 0.00041.CRUISE +0.15
Equation 8.7
The expression for 90 degree turns, assuming a horizontal surface is
UNITCC = 0.16 - 0.00027.RAD - 0.00058.CRUISE
Equation 8.8
The effect of cruise speed at 90 degrees is a little less, but the
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Geometry and Part Stops
effect of radius is identical with the more general expression for 
all deflection angles. (Despite the lack of significance, the 
reduction in deflection angle could be expected to reduce fuel 
consumption.)
However, the total fuel used in passing round a curve is 
not easy to estimate given this relationship. In practice the 
engineer will not wish to measure all the above variables; the 
excess fuel used can however be explained more directly.
8.3.3 Excess fuel used in negotiating a curve.
As described above, three calculations were made of the 
excess fuel caused by negotiating the bend.
In the first, XSCC, consumption was compared with a cruise 
speed in which the car was assumed to travel at the cruise speed 
around the actual path. No corrections were made.
In the second, TXSCCy the vehicle was assumed to travel at 
the cruise speed along the tangents defining the circular arc, and 
on the gradient on which the tangent lines occurred. This is 
comparable with the methods used for roundabouts (chapter 7).
In the third, CXSCC, corrections for actual gradients 
encountered were included, and the cruise consumption estimated on 
the actual path.
As the term TXSCC is comparable with other work this will 
be referred to below. Estimates using XSCC and CXSCC are given in 
Appendix 8.1 Tables A 8.1 to A 8.4.
Figure 8.4 shows the values for TXSCC for 90 degree turns. 
The relationship with radius and Approach speed which was visible in 
the CC plot for the same sample (Figure 8.3) is not clear here, 
though a slight tendency to increase with increasing approach speed 
can be seen, particularly at the upper end of the speed range.
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Speed related terms were studied first, and again KEGEOM 
was less useful than the simple speed difference SPDIFF.
Using SPDIFF and the excess distance XSDIST explained 68 
percent of the variability; a slightly better explanation was found 
by separating the two elements of SPDIFF with an explanation of 69 
percent.
TXSCC = 0.41 SPDIFF + 0.11 XSDIST +0.84 Eqn.8.9
and
TXSCC = 0.43 CRUISE - 0.61 MINV +4.1 Eqn.8.10
The equations derived and the analysis of them are given in Tables
8.6 (above) and 8.7a and8.7b. (below) XSDIST can be seen not to be 
such an important factor as was the case in the study of 
roundabouts- the improvement in explanation over SPDIFF being only 
about 3 percent (Table 8.7). Cruise and minimum speed are both
important (Table 8.7j?)when used together.
7l?.
These equations will provide reasonable predictions of 
excess fuel, but MINV is difficult to estimate, and so alternative 
expressions were examined.
It was noted that, provided the cruise speed was • '
considerably higher than the minimum speed (and above about 30 kph), 
the minimum speed rose as expected with increase in radius, whatever 
the deflection angle. (Figure 8.5 shows the effect with 90 degree 
turns.) It can also be noted in the Tables 8.2 a to e that there is 
a slight tendency for minimum speed to rise with increase in cruise 
speed. Minimum speed was therefore predicted from radius, 
deflection angle and cruise speed. This is shown in Table 8.8 .
The radius is by far the strongest variable, but the F values for 
deflection and cruise are high and the additional explanation is 
statistically valid, though the increase in minimum speed only 
increases about lkph for each 10 kph increase in cruise speed.
MINV = 0.33 RAD -0.042 DEFL + 0.0092 CRUISE +17.3 
(643) (39) (11)
R2 =90.5
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Geometry and Part Stops
90 percent of the variability in minimum speed can be 
explained by these three variables when the minimum speed is not 
controlled by the low cruise speed.
The data with somewhat artificial low cruise speeds were 
reintroduced and the prediction for TXSCC derived for all 190 
results.
Comparison of the two regressions derived for the whole 
data and for the 100 results where
CRUISE GT (MINV + 10)
can be made by referring to Tables 8.9a and 8.9b.
The more limited data in 8.9b has a 12 percent higher 
explanation of the variability and all the terms contribute well to 
the expression. The large negative constant is noted - the change 
from -3.5 to -14.2 is matched by an increased sensitivity to cruise 
speed, radius, and deflection. Despite the significance, the 
deflection angle does not change the predicted consumption greatly - 
a change of 100 degrees adds 3 cc to the total excess.
Clearly the expressions cannot be used outside the urban 
speed range, nor at radii much larger than 60 m since this was the . . 
limit of the data.
It is to be noted that a negative value for TXSCC could be 
expected at high cruise speeds and, say, a 30m or 60m radius since 
the vehicle may operate more economically overall by reducing speed 
towards the optimum.
Using the restricted data with (MINKPH LT (CRUISE-5))other 
variables were examined. As can be seen in Table 8.10, use of 
KEGEOM and SPDIFF in the same expression meant that KEGEOM was 
largely explaining the same variability as SPDIFF, which was the 
stronger variable. The F value for KEGEOM is 8.8 when entered, but 
this reduces the F value for SPDIFF to 1.69 without significantly 
increasing the R square term.
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Geometry and Part Stops
Two higher R square values were obtained with the 
expressions in Tables 8.11 a and b and 8.12. Considering Table 
8.11, XSDIST can be calculated for a simple bend, though not always 
easily for a complex curve; but SPDIFF involves knowledge of 
minimum speed. MINV also appears in Table 8.12. The very simple 
equation in 8.12, requiring knowledge of only two variables, and 
explaining 72 percent varaibility would appear useful. This is 
especially so if use of a radar speed gun can establish the minimum 
speed at a junction fairly easily. The additional explanation in 
Table 8.11 (derived in part from a V term, and probably more 
associated with the approach than the bend itself) does not seem as 
valuable.
8.3.4 Comparisons with data recorded on street.
Only a limited survey of routes has been carried out using 
a video camera with the fuel consumption equipment, and many of the 
runs observed were carried out in peak traffic conditions. Few of 
the runs have geometry where the survey vehicle negotiates a simple 
curve, and few of these curves have no external influences such as 
other traffic to affect the results.
Nine simple curves were however measured and observed not 
to have any external influences. Data from these simple curves were 
extracted from the detailed time/distance/fuel plots and from the 
1:1250 Ordnance Survey sheet of the area. These are recorded in 
Table 8.13.
Estimates of fuel consumed were made using the formula 
CC = 0.079DIST + 4.66GRADE - 0.39MINV + 0.34SEC + 0.29CRUISE +3.5 
(Eqn 8.6, see Table 8.4).
As can be seen in the final two columns of Table 8.13 the 
predicted results are generally a good estimate of the actttol 
consumption. The one exception is the Lockhurst Lane/ North Road
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ju n c tio n ; the  p re d ic te d  consumption is  based on th e  a c ta u l  
g ra d ie n ts ; however the  v e h ic le  approaches N o rth  Road a f t e r  passing  
o ver a R a ilw ay  b r id g e , and d r iv e r s  a re  s t i l l  co a s tin g  as th ey  
approach the ju n c t io n . Thus w h ile  the movement is  n o t c o n s tra in e d  
and no v e h ic u la r  in te r fe r e n c e  was noted on the v id e o , th e  p reced in g  
roadway a f fe c ts  the r e s u l t .
T h is  sample is  r a th e r  sm all; some f u r th e r  work should  be 
done to  compare the  te s t  t ra c k  re s u lts  w ith  on s t r e e t  r e s u l t s .  From 
th e  evidence a v a i la b le ,  the  exp ress ion s  d e riv e d  do re p re s e n t on 
s t r e e t  e f fe c ts  reaso n ab ly  w e l l .
8.3.5 Delay and other measurements
Delay caused by geometry
The delay caused by the geometry was also evaluated; it 
is not reported fully here, as the work is superseded by the work by 
McDonald et al at the University of Southampton. This has been 
reported in a TRRL report (Reference 8.5) and in various University 
of Southampton Department of Civil Engineering working papers. The 
data broadly conformed to the same pattern as the fuel data - that 
is to say, the speed terms were entirely sufficient for predictive 
purposes. The effect of radius and deflection angle, which might 
have led to longer times at reduced speed, do not appear to have a 
major effect. No further explanation of delay was obtained from 
radius, deflection, arc, or cruise speed above that available from 
SPDIFF.
The equation:-
TDEL = 0.21 SPDIFF + 0.10XSDIST -0.54 seconds Eqn 8.11 
(942) (184) 190 cases
R2 = 0.89
could be improved slightly by additional variables, but not in any 
major sense. (Note : TDEL, defined in Table 8.1, is the delay
caused assuming that the vehicle could have travelled at the cruise 
speed along the tangents, with an instantaneous change of direction
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at the intersection point).
Excess consumption having allowed for delay
XSXS, the consumption in excess of both the cruise 
consumption and the consumption that would occur if the vehicle had 
been delayed by TDEL without other effects was given by:
XSXS = 0.48 SPDIFF - 0.17 CRUISE + 4.4 Eqn 8.12 
(146) (19) 190cases
R2 = 0.56
The level of variation explained is rather low, but this is to be 
expected when the regression is based on the difference of values 
calculated from different variables, rather than from observation. 
It is not a chance result, but is not a very useful predictor. The 
standard error is of the same order as the predicted values.
8.4 Conclusions on Geometry
The overall fuel consumption through a simple curve can be 
related to the distance travelled, the gradient, the cruise and 
minimum speeds, and the journey time through the curve, as expressed'-'; 
in Equation 8.6. This may be used to calculate the consumption 
through a bend provided that the maximum length of road included as 
part of the curve does not exceed about 450 m.
As described above, the excess consumption may be a more
useful figure. The results obtained from the test track data for this
appear reasonably consistent with on-street results, and the following
two expressions have been derived :
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TXSCC = 0.56 CRUISE - 0.61 MINV -2.4 Eqn 8.13 
and
TXSCC = 0.51 CRUISE - 0.21 RAD +0.035 DEFL -14
Eqn 8.14
Note these results relate to the 100 tests where the cruise speed is 
considerably higher than the minimum speed, as is usually the case in 
practice. If the minimum speed is known or can be measured, the first 
expression is recommended. If only the geometric measurements and the 
cruise speed are known or can be measured, then the second expression 
gives almost as good a result.
PAGE 434
Geometry and Part Stops
8.5 PARTIAL STOPS and excess consumption - Introduction
Apart from the effect of geometry causing vehicles to slow, 
there are many instances where a partial stop or full stop is imposed 
on a driver. On an otherwise clear road, the control system operating 
(priority or signal) may require a speed change, either to reach a 
speed at which priority can be given, or to stop at a stop line. On a 
congested road, the driver will also be forced to slow by other 
vehicles, particularly at junctions. Much has been written on stops 
and their energy implications (see for instance Robertson, Lucas and 
Baker (8.6) or Akcelik (8.8)) but little detailed work has been 
undertaken on partial stops. (Part stops are often known as speed 
change cycles. This name does not suggest a reduction in speed: and
as some speed changes with increased speeds have also been 
investigated, the name part stops has been used throughout.)
Data were collected to examine part stops directly, with the 
intention of providing a simple expression for fuel consumption from 
easily measured variables.
As KE loss would appear to be the major energy change in a 
part stop, this was examined as a predictor of excess fuel 
consumption. As will be seen below, delay has been used as an 
estimator for KE loss, and so the relationships between delay, minimum 
speed and KE change were also examined.
As a further comparison, test track data were compared with 
limited "field" data and these were both compared with estimates 
derived from full stop data.
Increases in speed as well as decreases in speed were also 
examined to provide a further comparison.
The following sections therefore briefly review, some recent 
work, and then describe some tests undertaken by the author and R T 
Baker at TRRL. These are compared with actual part stops recorded in 
Reading.
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8.5.1 A relationship between delay and partial stops suggested by 
Robertson, Lucas and Baker.
Robertson, Lucas and Baker (8.6) used the results of their 
experimentation (reported in detail in Chapter 3) to improve the 
method by which TRANSYT predicts the number of stops for fuel 
consumption purposes.
Previously any vehicle that suffered any delay was 
considered to undergo a complete stop. However in reality a small 
delay of, for example, three seconds would cause the vehicle to slow 
down and then return to the cruise speed again - that is, it would 
perform a partial stop.
Average acceleration/deceleration speed profiles were 
based on the results of 8 drivers performing 49 stop-start cycles 
each, from a nominal cruise speed of 40 kph. Figure 8.6 shows 
diagrammatically how the full stops were used by Robertson et al. 
to estimate the delay and distance loss caused by part stops.
The upper figure shows a stop/start cycle. In the lower 
diagram the deceleration and acceleration histograms derived have . 
been overlapped : it is suggested by Robertson et al that a part
stop could be estimated by overlapping the histograms and relating 
the fuel consumption to the upper surface of the overlapped 
histograms.
This does not appear an unreasonable proposal, but it does 
presume that drivers accelerate and decelerate in the same way for 
all cruise speeds for all similar delays. Robertson et al. assume 
that at the minimum speed the deceleration and acceleration are 
separated by a nominal one second interval which represents the time 
taken by the driver to transfer his foot from the brake to the 
accelerator.
The shaded area above the histograms is the distance that 
the slowing vehicle would fall behind a theoretical vehicle that 
continues at the cruise speed. Dividing this distance by the cruise
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speed, gives the delay resulting from the slowdown. The partial 
stop shown is from a 40 kph cruise speed to a minimum speed of 20 
kph.
Figure 8.7 shows the relationship, given by Robertson et 
al., between delay and minimum speed reached in a speed change 
cycle. This was derived for the 40 kph cruise speed by varying the 
extent to which average histograms from the track tests were 
overlapped.
For fuel consumption purposes, Robertson et al. defined 
the relative importance of a partial stop as the ratio of fuel 
consumed in a partial stop to that consumed in a full stop.
It was earlier suggested that the fuel consumed during a 
speed change cycle is proportional to the kinetic energy loss in 
that cycle, or the difference in squares of the cruise and minimum 
speeds. Hence, the solid curve on the lower graph of Figure 8.7 was 
derived from the upper graph, and shows percentage loss of kinetic 
energy against delay. This was used to measure the importance of a 
partial stop in terms of the relative amount of kinetic energy loss 
compared to a full stop. The graph shows that there is 
theoretically an insignificant extra loss in kinetic energy for 
delays exceeding eight seconds, and that a full stop can be assumed 
to have occurred if the delay reaches this value.
From these calculations the following values of percentage 
partial stop were suggested for use with TRANSYT for the 
corresponding delay times shown.
Delay Time (seconds) 1 2 3 4 5 6 7 8
Partial Stop (percent) 42 64 78 88 94 98 99 100
It should be noted that these relationships were obtained for a 
single car performing full stops and not partial stops, and from 41 
kph. It implies a direct linear relationship between KE loss and 
excess fuel consumption.
Robertson et al. state that " further tests should be
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conducted under more realistic conditions with direct measurement of 
fuel consumed during partial stops from a range of cruise speeds." 
While a method for determining the proportion of a partial stop was. 
suggested, no guidance was given as to how partial stop fuel 
consumption should be considered.
The tests reported below were part of a programme to 
assess partial stops, as suggested by Robertson, Lucas and Baker. 
Comparisons were made of the KE loss for part stop delays predicted 
by Robertson et al and those predicted from part stops on the test 
track. These were also compared with predictions of KE loss from 
field data from Reading.
Prediction of excess fuel from easily measured parameters 
was also made both from track tests and from limited field data.
8.5.2 Additional fuel consumed by American cars due to partial 
stops.
The only other recent assessment of partial stops is given 
by Dale (8.7). Dale's paper updates a procedure used in the United- 
States for estimating highway user costs, fuel consumption and air
pollution. Contained in his paper is the graph shown in Figure 8.8.
This gives the excess fuel used by a "light duty" American car
performing partial stops from, and to, a range of speeds. The
figure was presented initially in terms of miles per hour and U.S. 
gallons; for convenience a metric scale has been added.
An excess fuel consumption rate per slowdown is shown.
This is simply the excess fuel used in a slowdown over and above 
that which would have been used if the vehicle travelled the same 
distance at the cruise speed. Dale's data can be represented by the 
Equation:
XSCC = 0.074.KEPTSP + 3 . 8  Eqn 8.15
(19)
R2 = 0.60
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The consumption is considerably greater than European cars would 
produce, and the driving behaviour sufficiently different to make 
comparisons of consumption levels difficult.
8.6 Empirical evaluation - Test Procedure
The main purpose of experimentation was to provide data from 
which an expression could be derived for the excess fuel consumption 
due to a partial stop. Two sets of data were obtained:
(1) A series of experiments were performed under controlled conditions 
which simulated on the test track a partial stop on the road from 
which fuel consumption predictions could be made.
(2) Fuel consumption field data collected in traffic. These were used 
to see how well fuel consumption predictions made under controlled 
conditions could be translated to more realistic traffic conditions.
8.6.1 Preliminary Tests
For the preliminary tests Driver 4 from the Coventry study 
was used. To keep as many operating variables as constant as 
possible the controlled experiments were performed on the test track 
at TRRL, which has a long straight section of road through the 
central area of the test track. This is at a constant grade of 1.33 
percent, and is well shielded from the wind by a coniferous 
plantation.
Since the purpose of the experimentation was to collect 
data from partial stops, a consistent method of performing these was 
required. A number of experiments were carried out with a single 
driver and observer to find the best method of experimentation.
These initial series of experiments included three types of partial 
stop test runs:-
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Series 1) The instrumented car entered the experimental 
area at a constant 50 kph, slowed to a minimum speed, and then 
accelerated back to the original speed. The entire partial stop was 
under the control of the test car driver. Various combinations of 
cruise and minimum speed were used for this Series.
Series 2) A lead car entered the test area at a constant, 
low speed. The test car entered the area at a constant 50kph and 
slowed behind the lead car, until both cars were travelling at the 
same speed. The test car then overtook the lead car and accelerated 
to leave the area at the cruise speed. The lead car was driven 
through the test area at 10, 20, 30 and 40 kph. While this 
procedure more closely resembled a partial stop in moving traffic, 
the acceleration of the test car was under the control of the test 
car driver. It therefore resembled as closely as possible the 
procedure used in the geometric tests reported above.
Series 3) The lead car again entered the test area at a 
constant low speed. The test car entered the area at a cruise speed 
and slowed to match speeds with the lead car as before. As soon as 
the speeds matched the lead car driver was informed by radio and 
both cars accelerated to the cruise speed, and left the area.
In the latter case, a partial stop in a queue of traffic 
was simulated fairly accurately, since the deceleration was 
controlled by the test car driver and the acceleration was 
controlled by the lead car driver.
(Comparisons of these early results are given below, but a 
preliminary review showed that there was little difference 
between the results of each method. A plot of excess fuel 
consumption ACXSCC against speed difference SPDIFF=(CRUISE 
- MINKPH) is shown in Figure 8.9.
The data from Series 3 might suggest a slightly 
steeper slope to the fuel/part stop graph than the other 
data, and there is a slightly higher average fuel 
consumption at each speed difference for the overtaking
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manoeuvre. This may be caused by as slightly stronger 
acceleration - the "natural reaction " to being asked to 
overtake- but the peak acceleration rates are not 
available. Generally, the variaton of the data is very 
small indeed (less than 3 cc) at higher speed difference 
levels; all the data was used in subsequent examinations 
of ACXSCC.
The results without a lead car are very similar to the 
results with a lead car, and there does not appear to be 
any reason to regard these results as special.) It was 
decided that the Series 3 method (with a lead car and no 
overtaking) should be used for further experiments with 
multiple drivers.
A cruise speed of 50 kph was chosen for the Series 4 
experiments since this was seen to be the highest cruise speed 
likely to be used in urban conditions. Since the acceleration rate 
of the lead car effectively controlled that of the test car, some 
judgement was required on how typical that rate was of the behaviour 
of the rearmost vehicles in a queue. As described below, some 
additional tests were therefore carried out with other drivers 
without the lead car.
8.6.2 Speed Humps
As a comparison with the partial stops, a series of Speed 
"Humps" was recorded. The name describes the case where the driver 
briefly increases his speed above the cruise speed, and then reduces 
to the cruise speed again. These are not very important in junction 
design, but are of some interest in congested traffic or on a high 
speed facility such as an urban motorway.
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8.6.3 Vehicles and Drivers.
The vehicles used for the Series 4 tests were those 
described earlier, with the test car the same car as that used for 
the geometric and roundabout studies; the lead car was a similar 
Wolseley 2 litre automatic saloon. The same car was used 
throughout, and the experiments were performed in fine dry weather 
with little wind on August 11-12 1981.
For the Series 4 tests, twelve drivers of different age, 
sex and driving experience each completed the same sequence of 
twelve runs on the test track at TRRL. The drivers were all 
employees of TRRL and were familiar with the test car, having driven 
the same or a similar vehicle before; also most of the drivers were 
used to driving with an observer. Driver 201 is Driver 4 from the 
Coventry survey, used in the Series 1-3 tests. The results obtained 
from the multiple drivers were also used to see how typical the 
driver in the Series 1-3 experiments was.
8.7 Procedure followed
In order to describe fully the partial stop fuel consumption 
characteristics, it was necessary to extract from the data the 
variables listed in Table 8.14 . Other variables derived from the 
data are used in the analysis are also given in Table 8.14.
8.7.1 Test Track Experiments
Timing points were set in the approach roads 100 metres 
before the start of the central test area giving a total straight
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Definitions of data collected
RNTIME,ELAPSED TIME BETWEEN MARKERS, SECONDS
RNDIST,ELAPSED DISTANCE BETWEEN MARKERS, METRES
ENTRYKPH, ACTUAL ENTRY SPEED, KPH
MINKPH,ACTUAL MINIMUM KPH REACHED, KPH
EXITKPH,ACTAUL EXIT SPEED, KPH
GRADE, GRADIENT OF ROAD OVER PART STOP,PERCENT
DRIVER, DRIVER RECOGNITION CODE
MINTIME,TIME SPENT AT MINIMUM SPEED, SEC
MEANACC,MEAN ACCELERATION RATE OVER SPEED INCREASE
M PER SEC SQ UNITS 
PKACC, THE PEAK ACCELERATION IN ONE SECOND, M.PER SEC.SQ 
CC TOTAL CONSUMPTION OVER RNDIST, CC 
KE,MEASURED KE LOSS OVER RNDIST IN
M. SQ PER SEC. SQ UNITS 
CYCTIME,TOTAL TIME FOR PARTSTOP
Definitions of variables derived from the data.
CRUISE, CRUISE SPEED ON RUN KPH(FIELD DATA)
ESTCC,ESTIMATED XS FUEL FROM CRUISE SPEED RUN CC
(FIELD DATA)
XSCC,EXCESS FUEL FROM CRUISE RUN CC 
ACXSCC,EXCESS FUEL ABOVE CRUISE FORMULA, CC 
PSTPXSCC,XS FUEL ABOVE CRUISE & IDLE FUEL, CC 
MEANV,AVERAGE OF ENTRYKPH+EXITKPH 
CRUSQ.MEANV SQUARED
DELAY .DELAY CAUSED BY PARTIAL STOP, SEC 
DELSQ,DELAY SQUARED IN SECSQ 
CRUSQ,CRUISE SPEED SQUARED
KEP, % KE LOST IN PTSTOP RE KE LOSS IN FULL STP
INVD,INVERSE DELAY
INVDSQ,INVERSE DELAY SQ
KEPTST,KINETIC ENERGY LOSS IN PART STOP
(AS OPPOSED TO THE KE LOSS OVER RNDIST, WHICH MAY BE GREATER)
for rising gradients
ACXSCC = CC - ((RNDIST/lOO) * (15.A + 0.95*GRADE - 0 .097*MEANV))
for falling gradients
ACXSCC = CC - ((RNDIST/lOO) * (.15.A + 1 .47*CRADF, -0.097*MEANV) ) 
and
PSTPXSCC =ACXSCC -(DELAY*0.A17)
Table 8.14 Definitions of variables used in Part Stop study.
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experimental length of 475 metres. Each experimental run started 
400 metres away from the first timing point, the driver was given 
instructions to accelerate above 50 kph so that the automatic 
gearbox would engage top gear, and then to enter the experimental 
area at 50 kph.
Runs One and Two, Steady Speed
For the first run the driver was instructed to drive at a 
constant 50 kph up the gradient, straight through the test section. 
The driver then turned the test car around and drove at the same 
speed back down the gradient for the second run. The fuel 
consumption for these runs was to be compared with predicted values 
using the equation for steady speed fuel consumption previously 
derived.
Runs Three and Four, Stationary Lead Car.
For these two runs the driver was informed that a lead car 
would be waiting in the test area as though it were the last vehicle 
in a queue at traffic lights. The test car driver was instructed to 
enter the test area at 50 kph and decelerate to join the queue as 
though on a public road. The lead car would then accelerate to 50 
kph and leave the test section at that speed, with the test car 
driver instructed to follow.
Drivers were asked to drive as "normally" as possible and 
the observer conversed with them during the experiments to provide a 
certain amount of distraction from the unreal circumstances. The 
observer used a short wave radio to communicate with the lead car 
driver, informing him of the test car's speed during deceleration 
and the moment that it came to rest. The lead car was not 
accelerated fiercely from rest since it was meant to represent the 
last car in a queue, and perturbations in a queue were thought to 
lead to lower mean accelerations for the rearmost vehicles.
The third run was performed up the gradient and the fourth 
run in the opposite direction down the gradient.
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For these runs the lead car behaved as the rear of a 
moving queue, setting off at a time such that the test car would 
fall in behind it near the centre of the experimental section.
The test car driver was instructed to enter the 
experimental section at 50 kph and to decelerate to match speeds 
with the lead car. The observer kept the lead car driver informed 
of the speed of the test car via the short wave radio, as soon as 
the running speeds matched the lead car was accelerated to 50 kph 
and the test car driver did likewise. Both cars then left the test 
section at that speed.
For runs five and six the lead car entered at 10 kph, for 
each subsequent pair of runs the speed of the lead car was increased 
by 10 kph.
8.7.2 Observations on Track Experiments
It was thought that some difference in the behaviour of 
the multiple drivers would lead to varying fuel consumptions from 
driver to driver. During the test track experiments the observer in 
the instrumented vehicle noted that drivers did in fact approach ’ 
partial stops differently. Some coasted down to the relevant 
minimum speed anticipating the slowdown well in advance, while 
others braked heavily when they were close to the lead car. Once 
both vehicles were travelling at the same speed and the lead car 
started to accelerate back to the cruise speed again, headway 
between the vehicles varied from several car lengths to less than 
one.
It was noted that in one case the driver of the 
instrumented vehicle accelerated more slowly than the lead car 
driver. The lead car was not accelerated very quickly and used 
effectively the same rate throughout testing.
One driver initially decelerated to approximately the
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speed of the lead car and continued at that speed, gradually 
overrunning the lead car until quite close to it when the driver 
finally decelerated to the lead car speed. This occurred when the 
lead car was travelling at the higher minimum speeds of 30 or 40 
kph, and possibly indicated that the driver was unable to gauge 
speed differences well unless they were significantly different, or 
the vehicles were close. The acceleration rates used by the drivers 
at the end of their experimental runs to turn the car around, ranged 
from gentle to fierce.
Some drivers were restrained by the acceleration rate of 
the lead car and would have preferred to accelerate at a faster 
rate. Two Drivers, 211 and 213, were given the opportunity of 
performing several partial stops without the lead car so that they 
could choose the acceleration rate they thought was more 
appropriate. The tests with a lead car by these drivers are 211 and 
213, and the tests without a lead car are 212 and 214 respectively. 
For these runs the procedure had to be somewhat different:
Partial Stops without Lead Car.
Drivers 212 and 214 were instructed to enter the 
experimental section at 50 kph and to decelerate with the intention 
of stopping at a predetermined position marked by plastic road 
cones. When the driver had decelerated to the appropriate minimum 
speed as determined by the observer, the observer said "Go": the
test car driver accelerated to 50 kph and left the experimental 
section at that speed. This was far from an ideal test procedure, 
though the instruction to "Go" is similar to seeing a signal green 
appear. Both have a short reaction time before the driver begins to 
accelerate.
8.7.3 Field data collection
The driver for the field tests was Driver 4 from the 
Coventry Study. The instrumented car, driver and observer drove 
round an urban system of roads continuously recording the fuel
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consumption data already detailed.
To simplify analysis, specific routes were planned in the 
nearby town of Reading, for which the gradients of the roads were 
known throughout. The recording equipment included the timing point 
facility described above and it was used to put known points in the 
data at specific locations along the route to help identify the 
vehicle's location for later reference. In addition a video camera 
was installed in the vehicle. This allowed the causes of partial 
stops to be identified, and thus classification of different types 
of stop was also included in the analysis. Initially the time of 
day chosen for the runs in Reading were selected so that as much 
interference as possible was encountered from other traffic, thus 
increasing the possibility for partial stops to occur.
The observer put timing points in the data at various 
pre-determined positions around the route, such as traffic signals 
and pedestrian crossings. In addition the observer put timing 
points at the beginning of each deceleration and at the end of each 
acceleration, when the car had reached a cruising speed. This 
allowed the extraction of variables from the data where partial 
stops had occurred, since a summary of the basic variables is 
printed for each timing point inserted. The video camera allowed 
the Time/distance/fuel plot to be closely associated with events oh 
the road, and only partial stops free of other influences and having 
the entry and exit speeds approximately equal were extracted. The 
causes of a partial stop event in traffic were identified from the 
video tape and comments made by the driver and observer. These were 
coded according to the following categories:
101 - Vehicle immediately ahead turns off (left or right)
102 - Partial stop in traffic approaching traffic lights
103 - Slowdown in platoon, due to actions of vehicles ahead
104 - Slowdown to pass stationary vehicle on same side of road
105 - Slowdown while stationary vehicle ahead turns off
106 - Slowdown due to vehicle pulling out into path ahead
As the importance of a lead car is stressed later, it may be noted 
that categories 101 and 105 have no lead car, and 104 is assumed not 
to have one.
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8.7.4 Observations on Field data
Data were collected without the video recorder in Reading 
on December 15, 1981 during the morning peak period. While the 
route chosen was heavily congested, only one useful partial stop was 
experienced during the course of three journeys around the route.
A different route was chosen for data collection with the 
video recorder from 14.00 on the same day, and nine journeys yielded 
three useful partial stops. The data were collected in dry 
conditions with little wind.
This limited survey revealed that the conditions set for 
the data were difficult to meet. There were fewer than expected 
partial stops which could be separately identifed, which were free 
from other effects, which were on a piece of route where the grade 
was not varying, and which had entry and departure speeds 
approximately equal. Many part stops occurred, but could not be 
separately distinguished and analysed.
A large amount of data previously recorded with the video - 
in Reading for other purposes were then examined. All of the 
suitable partial stop events appearing in the Reading data were 
identified from about 12 hours of video recording. The 16 results 
are discussed below.
8.8 Analysis of excess fuel from part stops.
Each of the three different types of data collected for 
analysis of part stops is considered separately below; analysis and 
general conclusions from all the data and comparisons with the data 
for simple turns is then made.
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G e o m e try  and P a r t  S to p s
8.8.1 Results from Preliminary Tests, Series 1-3
The part stops, speed humps and steady speed data recorded 
in the preliminary tests are given in Table 8.15. Driver 4 is the 
driver in all the preliminary tests.
Table 8.15a records the initial tests with no lead car and 
the tests with and without the lead car (Series 1 has no lead car, 
Series 2 has a lead car which is overtaken and Series 3 has a lead 
car which is followed during acceleration.) All these tests have a 
cruise speed of approximately 50 kph.
Table 8.15b records the subsequent tests, also by Driver 4 
where the cruise speed was varied. Again there is no lead car.
The results are tabulated in the order in which they were 
carried out on 20th March 1981.
Statistical tests were carried out to see if the three 
types of run in Series 1 to 3 were significantly 
different. The paired T Test was used, as each run up and 
down grade to a given minimum speed can be matched with a^  
similar run in the other two Series. Two tailed tests are 
appropriate. Tests for differences were made on DELAY, 
MINKPH, CC, and ACXSCC.
Series 2 tests and Series 3 tests with a lead 
car had significantly longer DELAYS than the tests without 
a lead car. The average difference in delay was 1.23 sec 
for 1-2 and 0.86 sec. for 1-3. While there are only 8 
tests in each group, the significance levels (0.001 and 
0.028) cannot be ignored. The source of the additional 
dalay is however in the difference in MINKPH.
Tests of minimum speeds showed that although the 
driver was intending to reach the same speed in each run, 
the average MINKPH was significantly lower in the Series 2 
tests than the Series 1. The difference was 1.88 kph.
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RNTIME RNDIST CRUISE MINKPH CC ESTCC GRADE TYPE
35 476 49 49 42 42.0 -1.33 1
CC
<
34 475 49 Speed 58 60 54.8 +1.33 1 O
34 475 49 humps59 46 41.9 -1.33 1 Q
39 474 58 13 73 55.5 +1.33 1 <
39 459 58 13 61 40.5 -1.33 1 LU _1
38 468 58 20 70 54.8 +1.33 1
37 466 57 21 59 41.1 -1.33 1 o
35 474 57 28 70 55.5 +1.33 1 zi
34 467 57 30 52 41.2 -1.33 1 if)
33 476 57 36 63 55.8 +1.33 1 h-if)
32 470 57 36 51 41.4 -1.33 1 UJ
32 470 58 .38 63 55.1 +1.33 1 »—
32 475 58 40 49 41.9 -1.33 1
30 464 58 48 56 54.4 +1.33 1 t—
30 465 58 46 46 41.0 -1.33 1 5
29 461 57 57 54 54.0 +1.33 1
29 465 57 57 41 41.0 -1.33 1
42 466 49 12 69 53.8 +1.33 1
43 465 50 15 69 53.9 +1.33 2
4-5 455 47 12 70 53.0 +1.33 3
42 469 49 13 55 41.4 -1.33 1 z
43 462 50 15 56 41.0 -1.33 2 CC
45 475 47 13 58 41.9 -1.33 3
40 458 48 20 65 52.9 +1.33 1 LL.LU
40 462 49 22 66 53.0 +1.33 2 Q
42 465 46 20 64 53.9 +1.33 3 CC
40 473 49 21 55 41.7 -1.33 1 o
42 481 49 22 55 42.3 -1.33 2 z
42 468 46 20 52 41.5 -1.33 3 if)
H38 467 48 30 60 53.9 +1.33 1
38 461 50 29 58 53.0 +1.33 2 if)
38 458 47 28 61 53.1 +1.33 3 mH
38 471 49 28 47 41.6 -1.33 1 LU
>39 482 50 32 48 42.3 -1.33 2
39 466 48 28 42 41.0 -1.33 3 u i
36 459 48 36 56 53.0 +1.33 1 5
36 463 49 39 55 53.0 +1.33 2 DC
37 469 49 36 53 54.0 +1.33 3
35 463 49 38 42 40.9 -1.33 . 1 5
36 464 49 39 44 41.0 -1.33 2 oo38 470 48 36 42 41.6 -1.33 3
Table8 15aData for Parc scops Series 1 to 3.
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RNTIME RNDIST CRUISE MINKPH CC ESTCC GRADE TYPE
59 462 30 12 68 66.4 +1.33 1
60 471 30 12 55 50.9 -1.33 1
58 471 30 22 69 67.4 +1.33 1
58 475 30 18 53 51.3 -1.33
56 466 30 30 67 67.0 +1.33 1
56 472 30 30 51 51.0 -1.33
54 466 30 Speed 40 66 67.0 +1.33 1
53 465 30 Humps38 46 50.2 -1.33
49 464 30 48 68 66.7 +1.33 1 O
49 467 31 50 52 50.5 -1.33 1 UJ
45 464 30 58 68 66.7 +1.33 1 q!
45 471 30 58 59 50.9 -1.33 1 <0
44 465 30 58 66 66.8 +1.33 III
45 474 30 1f 58 55 51.2 -1.33 1 UJ 1 (/)
48 463 39 10 73 56.6 +1.33 E5
49 475 39 12 62 41.5 -1.33 i  a
46 463 40 18 71 56.6 +1.33 1 o
46 466 40 20 52 40.7 -1.33 1 C!3
45 469 39 28 66 57.3 +1.33 1 2
45 475 39 28 46 41.5 -1.33 1 >
43 466 39 39 57 57.0 +1.33 1 542 458 40 40 40 40.0 -1.33 i  £
41 467 39Speed 48 62 57.1 +1.33
41 468 40Humps50 50 40.9 -1.33 i i
38 465 40 1 58 69 56.8 +1.33 i  t
38 460 40 58 54 40.2 -1.33 i 5
39 466 39 f 58 _ 71 57.0 +1.33 i
38 462 40 0 53 40.3 -1.33 1. w
38 401 48 10 63 45.3 +1.33 1 2
36 400 50 13 60 35.1 -1.33 i LU
36 399 47 18 59 45.1 +1.33 1 3  *
35 397 48 18 46 34.8 -1.33 1 o
33 398 49 25 55 45.0 +1.33 1 DJ to
31 395 50 .30 40 34.7 -1.33 i
31 402 49 36 50 45.4 +1.33 1
30 402 51 40 38 r 35.3 -1.33 1
30 407 50 50 46 46.0 +1.33 1
27 376 50 50 33 33.0 -1.33
36 469 49 36 58 54.2 +1.33
36 478 49 39 45 42.3 -1.33 1
34 459 48 48 ‘ 53 53.0 +1.33 1
Table8 15bData for Parc stops Series 1 to 3.
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Geometry and Part Stops
The difference betwen the Series 1 and Series 3 tests 
showed MINKPH lower by 0.625, but not significantly. In 
these first tests the time spent at minimum speed was not 
extracted; it is however clear that the extra time spent 
at or near a lower minimum speed will cause additional 
delay. It is also the author's recollection that the 
complication of a lead car did lead to more delay, though 
there is no data to support this.
Fortunately the exact matching of speeds is not 
important in these tests as regression analysis was used, 
and the variation in minimum speed is not as important as 
its accurate recording.
No significant difference between any of the sets of pairs 
of fuel consumption parameters was found on any Series comparison. 
The data was therefore assumed to be from the same population as far 
as evaluation of fuel consumption is concerned; all the data were 
grouped together for analysis. Means and Standard Deviations of the 
data are shown in Table 8.16. Runs with no delay and speed humps 
are excluded from the analysis.
The simple correlations are shown in Table 8.17.The 
overall consumption is not strongly correlated with distance in this 
case, as all the tests are run over very similar distances (Mean . ^
458m S.D. 25m). The correlation of MINKPH with ACXSCC and DELAY is 
noted; the relation between SPDIFF and both the excess fuel 
estimators is very high (0.88 and 0.89) and as with the geometric 
results, the SPDIFF results have a higher correlation than the 
KEPTST term (0.77 and 0.86). ACXSCC, the estimate of excess fuel 
consumption from the formula is strongly correlated with XSCC, 
calculated from the non-stop runs through the test area. Both these 
terms are well related to DELAY.
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VARIABLE MEAN STANDARD DEV CASES
RNTIME 39.6607 7.1128 56
RNDIST 458.0536 24.8979 56
CRUISE 48.2143 7.2731 56
MINKPH 25.3214 10.4239 56
CC 56.8571 9.2450 56
ESTCC 47.5768 7.7747 56
DELAY 4.4650 2.7459 56
XSCC 9.2804 6.2321 56
SPDIFF 22.8929 9.9502 56
ACXSCC 9.1358 6.5778 56
DELSQ 27.3416 29.9527 56
INVD 0.3547 0.2669 56
INVDSQ 0.1957 0.2900 56
KEPTST 125.6696 50.7495 56
FRACTION 0.4763 0.1916 56
CRUSQ 2376.5714 659.4911 56
KEP 68.9634 20.0874 56
Table 8 16 Summary of data from Series 1 co 3
(MINKPH LT (CRUISE-5))
Parc scops daca.
PAGE 457
00n m vOCOON00cnOSONOsO ONCONOm ONON ONcnCOONm 00NO00O <ro <■NOrH rHcnO NOm o ONcnO soo CM00cnr^q O 00m NONOo f—<ONo MfvOo NOf-HO'cnCME> rHO H NOmt o 00NO00NOSOo ON r^»f-HCO
M 01o 01o 01o 01010101O1rHo 01010101
NO o ON ON ONOsCMo On m 00r-v0000o ininCMnDo inO o <ri—HONON0000O' m in*3-o ONOnvOMTo nOo ONMTr*.c/2 cno 00CO NONOosNOo nO f-H00CMcn•J rHo CMNO O ONr>%ooh>o nO m r-00CMr^-wQ o 01O 01o 01o o o O H^0101o O o o
CM00COCOo 00r-lNOo O CMONm CMm ONr>-CJ f—1ONCO00o r^.o r-Ho o o nONONOoocno SfvOr^.NOH m NOm o o <ro m NOo NOnOcn CN|m o <rONCMooo NO<rrHm COONinX o o COm int-H ONooo NOm COr-cncj< Oto O o o o O o o »-Ho o o o O o o
onONON00o 00NOONo o ONONm COO ,-HnOvONO o <rr>-o 00o m COCM m COCMCOnO o o o o o NOCOo o ONCMONM <•CMON o i—hm ONo ooONo NOr-HCMONOQ o H CM m r*<ON00o ooCO00NOONONCMON
CuC/2 o o o o o 01o o *—1o o o o o o O o
H m ON CM <ro ONvOONCOMTONrMCMmCM<•rHCMCMinONo 00o o NO00m ON00r^.00•a-m MJ-CMNOo O inONONCMCOnDCM^ .U m o o m CMo ONCMNOON r*m ONcnO o iHCMr^ inH 00o 00OSr^-NOm 00H 00w •X o o O o o 01O I-HO O o o o o o o O
MfNOCM o O NO H^r>00o NOCMm cnCO00inCOo ONo r^-NO00o CMm oom>- o ONONCOin0-1o NOo nOONo <*ONf-HnOcn< m CMH int-H<ro CMm ONNOf-HNOCMo o r-►J o CMr>*ino o 00On ON00NO00ONCM00w • • ♦ • • • • • • • • • • • • •Q o o O 01o 01 o O o o o o O o o O
vO ON ON 00NO o o CO00ON ON ON 00NO rHo n CMo 00o 00m CM m m 00NO o ONo o ON CO MT o ON CM O m O m <rNO m o 00o f—1mt ON o o <■ r-H MT o CO rH NO oH <rcnCM f-H o o r-H f-Hf-Ho o o r-Ho CM oW3 • • •w o o O’o o r—1o o o o o o O o o O 01
m in00 o vO CM o o CO CO CM 00CM
<• o CO mt o 00m CM <ro m O' CM iOvO CM
r^ . ON CO CO o <?■ m f-H NO m CM MT COm
00 00 vO o <rr-H ino o oo NO r-H NO CO incn»-H ino m m m m <■ CO m o mu • • • • • • • • • • •o o o o o r~*o o o o o o o o o o o o
<T CM o MT CO CM MJ-CO cnON vO vO r^-O' 00r-».35 ON inn o <ro 00CM o oo m CO o nO CO
a. i-H m CM o CO CO m NO NO m o m vO CM m o00«-h o NO O m o <r 00NO CO nj CM rH nj
2 vO o mt o in r^-r^.m nO NO m ON <• ON
M 01O o o 01o O O o o o o •O O O C1
<■ ino CM 00 ON NO ON ON cn o m r-H o 00 rH r^w ON CM o inCO CM CO •-H r>- cn O CO <r CO r^ - O
to CO ino CM CO ON ON m 00 r-H mt CO NO <3* O cn m
n m <■ o rH r—» ON <— 1o O n r- <• inCO CO m ON
o
cs
CO o o <r CM CM CM CM m CM f-H rH NO O ON o
u 01o o o O o O O O O o o O o o ot
ON o in<r m ON m ON oo<r m CO O o o CN
H o o CM inO m MT NO ON CO ON CM O' vO NO
CO CM o ininON o ON <r CM NO r-H f-H r- O' CO cn MT
►H <ro <r00 CO' <r CM MT CM in O 00 O r^ f-H rH o
a cn o o o rH CO O H O O o f-H o 1—H o rH
• • • • • • * • • • • • •os o 1-4o o o o o 01o o O o o O o o 01
o ON <r m NO ON CM NO oo o O' cnu o o ON ON <•o <r CM NO f—H <rON m <r CO o vOo CM 00 t— i r»- o 00Mr-3-m r- CM MT o m vO
t—i o in<T CO r—i m m <■ CM o NO 00m CM nDH o cnCO vO CO <T f—t o O o f-H f-H o CM CO 00cn
* • • • • • • • • • • • • ■ • ♦
OS o o O Q O o o o 0
1
c O o O o o o
ow H w ss U-* CJ a* h HHPICO C/5 ex, u >- t-2O' C/5 C/5 H O'
M M ►H CJ < CJ hHCO CO a O H CJ COH P 20s H rJ CJ a X rJ > Cl,< SOCl-2222OS hHU C/5 W toa-CJ w & U OS OSU02OS CJ * * CJ u Q X C/5 < Q >—* xs lu u XS
CO
ou
w
0)
•HUQ)
C/5
CO
u
CO
U5
CX.ou
w
u
Vh
CO
PL,
PAGE 458
Geometry and Part Stops
8.8.2 Results from multiple driver tests, Series 4
The data recorded from the Series 4 tests are given in 
Table 8.18, each page of the Table having the results from two 
drivers. Where data was unobtainable or inappropriate a value of 
99_999 appears in the table - usually where a test involves steady 
speed rather than a part stop. One page of Table 8.18 is given 
overleaf; the whole table is duplicated in Appendix 8.1.
Means and Standard Deviations for the data are given in 
Table 8.19, and the Simple Correlation Coefficients for all the main 
variables are in Table 8.20a and 8.20b.
The consistent entry and exit speeds can be seen in Table 
8.19, where the mean value of about 48 rather than 50 may well be 
caused by the slightly optimistic speedometer in the car used by all 
the drivers. The small standard deviation of these two variables 
supports the observer's experience - all the drivers were able to 
maintain the required cruise speed fairly easily.(It is the normal 
urban speed limit). The time spent at minimum speed is larger than 
that used by Robertson, Lucas and Baker, averaging about 2.5 
seconds, but with a SD of 1.5. The peak acceleration rate of 0.83 
metres per second squared is 0.04 higher than that experienced in 
the field data (see below); the mean acceleration is a 0.11 lower 
at 0.56, but the range of cruise speeds is not restricted in the 
field data as it is here.
The two tests in which drivers did not have a lead car are 
compared in Figure 8.10 with the same drivers with a lead car. The 
drivers did use a higher peak acceleration during their partstops 
without a lead car, and it is particularly noticeable at low minimum 
speed/high speed difference points. The effect on fuel consumption 
is discussed below.
The comparison between CRUDEKE, found by subtracting the 
square of the minimum speed from the square of the entry speed, 
averages about 20 m squared per sec squared units less than the KE 
recorded by the test equipment. Examination of the
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Sample page from Table 8.18 . The complete table is given in 
Appendix 8.1 after Appendix 8.A. The table above relates to 
Driver 211/212 who drove with and without a lead car.The 
definitions of the Column headings are given in 8 14
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variable MEAN STANDARD DEV CASES
RNTIME 43.1532 3.8664
RNDIST 467.6036 11.0085 111
ENTRYKPH 47.5045 2.9010 111
MINKPH 24.0270 9.4796 111
EXITKPH 48.0360 2.4268 111
GRADE 0.0120 1.3360
DRIVER 207.3153 3.9010 111
MINTIME 2.4685 1.5772
MEANACC 0.5635 0.1956
PKACC 0.8322 0.3242
CC 52.9910 10.1260 111
KE 144.1892 39.0346
CYCTIME 27.5315 7.5916 111
CRUDEKE 123.3539 40.2092 111
DELAY 7.8669 3.7688 HI
ACXSCC 3.9010 6.2991
SPDIFF 23.4775 9.6915 HI
MEANV 47.7703 2.0391
DELAY 7.8669 3.7688
PSTPXSCC 0.6228 5.2506
DELSQ 75.9642 64.7839
INVD 0.1766 0.1249
Table819 Means and Standard deviations Part Stop 
Data form test track Series 4 with 
(MINKPH LT (CRUISE - 5)) and with 
(MINKPH GT 5).
f
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Geometry and Part Stops
Time/Distance/fuel plots showed that the difference was partly 
equipment hunting, but partly also driver speed fluctuation during 
the steady speed approach and departure sections.
In Table 8.20a the correlations between MINKPH and DELAY 
and between KE and DELAY are high; the low value of -0.171 between 
MINTIME and ACXSCC and of -0.212 between MINTIME and PSTPXSCC are 
interesting, since they show that the time spent at the minimum 
speed does not affect the excess fuel consumption to any great 
extent within the limits of the data (MINTIME average 2.4 SD 1.6).
In Table 8.20b the SPDIFF term is better related to ACXSCC 
and PSTPXSCC than either of the kinetic energy terms. Again this is 
somewhat surprising, as theory would suggest that most fuel would be 
used to overcome the KE change.
8.8.3 Results from Field tests in Reading
The data from the sixteen partstops recorded in Reading 
are given in Table 8.21. The Mean and Standard Deviations are given 
in Table 8.22 and some simple correlations in Table 8.23 .This table 
is in two parts.. The means and standard deviations relate to 14 
cases; the suspect data point marked in Table 8.21 has been omitted 
as has case 9.
Case 9 has been omitted to make the comparisons wtih other 
data strictly comparable: the minimum speed condition
(MINKPH GT 5) kph was applied to the test track data as a 
simple computing procedure to eliminate the full stops 
which were also recorded in the same array. The same 
condition has been applied here, despite the fact that 
case 9 is a genuine part stop.
The limited data meant that no analysis by cause was 
possible, though the data is coded so that it can be used when 
further data is available. Nothing should be read into the relative 
frequencies of causes in the Table, as the total frequency under 
each coding of Partial Stops in the population is not known.
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VARIABLE MEAN STANDARD DEV CASES
RNTIME 25.5000 9.7960 14
RNDIST 279.2857 92.6652 14
ENTRYKPH 50.7143 3.8115 14
MINKPH 28.2143 11.2125 14
EXITKPH 50.0714 3.8524 14
GRADE “0.0857 1.5723 14
DRIVER 102.9286 1.5915 14
MINTIME 1.4286 0.6462 14
MEANACC 0.6771 0.2641 14
PKACC 0.7971 0.2851 14
CC 39.4286 14.7842 14
KE 134.0714 65.4258 14
CYCTIME 19.5000 8.8817 14
MEANV 50.3929 3.5744 14
AVACCN 2.2845 0.8636 14
THCC 32.3605 10.9531 14
XSCC 7.0681 6.1293 14
DELAY 5.5333 4.6801 14
DELXSCC 2.3057 1.9502 14
PSTPXSCC 4.7624 5.6341 14
SPDIFF 22.1786 11.7631 14
CRUSQ 2551.3036 377.4140 14
CRUDEKE 126.4288 57.6096 14
Table 8 22 Summary of data from Field measurements of Part stops.
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Gradients of less than 1 percent have been classed as 
level; Ordnance Survey data does not allow very precise measurement 
as the centre - of - road levels are infrequent and, as the 
gradients could not be identified closely, only steep grades are 
identified. (It is a matter of some regret to the author, and no 
doubt to many others, that the Ordnance Survey practice of taking 
and publishing centre line levels on all new sections of road as 
they are built is no longer continued.)
The range of peak and mean acceleration rates (Table 8.22) 
has already been compared with the test track data above. In the 
field data the MINTIME is rather closer than the track data to the 
MINTIME suggested by Robertson, Lucas and Baker, with 10 results 
having one second or less at the minimum speed.
The simple correlations on Table 8.23 should be treated 
with caution; despite the length and imposing appearance of the 
Table, it is based on only 14 cases.
As in the previous tables the strong correlations of 
SPDIFF and KE with the excess fuel estimators can be noted. The 
relationship between DELAY and both ACXSCC and PSTPXSCC has reduced 
very considerably in both cases (correlations of 0.33 and 0.04 
respectively). These are well below the values for the track tests; 
and reflect the large deviation in delay. This is in part due to 
the higher acceleration and deceleration rates on the field data. 
(The peak acceleration rate averages 0.677 which is 20 percent 
higher than the Series 4 average for 12 drivers.) As with the 
Series 4 data MINTIME is not well related to the excess fuel terms.
8.8.4 Excess fuel in part stops.
Simple and Multiple Regression analyses were used to 
identify the most useful simple predictors of excess fuel 
consumption caused by part stops. Table 8.24 compares the results 
for predictions based on SPDIFF, on MINKPH and CRUISE, on KE, on 
SPDIFF and DELAY, and on PKACC changes for Series 1-3, Series 4, and
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Geometry and Part Stops
the Field data. Tables showing some of the details of each equation 
are given in Appendix 8 : all the F values for the terms used are
large enough for the expressions to be significant at the 5 percent 
level and almost always well above this.
ACXSCC
Considering ACXSCC (the total excess fuel), Table 8.24 
shows that speed difference (directly or as minimum speed and 
cruise) is the best predictor (Equations 8.16-21). The KE loss is 
acceptable except for the Field data (Eqn.8.25), where the value of 
R square of 0.52 is very low. If the crude KE change is taken 
(CRUDEKE = CRUISE^-MINKPH^) the coefficient of determination is 
lower, though the expression is almost identical.
It can be seen that the results for all drivers show a 
lesser dependence on cruise speed than the results for Driver 4, 
(Equations 8.19-8.21and indirectly in 8.16-8.18) and it may be 
thought that this is because the multiple driver tests were limited 
to cruise speeds around 50kph. However the field results for driver 
4 have a lower coefficient than either of the test track results; 
and applying the same cruise speed restriction to the Driver 4 data 
produced a higher coefficient for SPDIFF. Allowing for constant 
terms derived Driver 4 data gives rather higher consumption at high 
cruise speeds . This has not been investigated further;the Multiple 
driver data is recommended for use if the cruise expected cruise 
speed does not exceed 50 kph. Equation 8.17 for all drivers is
ACXSCC = 0.55SPDIFF -9.2
and this explains 83 percent of the variability.
The relationships of ACXSCC with DELAY (Equations 8.26-28) 
are unacceptably low for the multiple driver and the Field data 
groups; the relationship for the single driver in the Series 1-3 
data set has a coefficient of determination of 0.63. An explanation 
of 63 percent of the variability when one driver uses one car in a 
simple test is very low.
The relationship between SPDIFF and ACXSCC for series 3
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data has already been shown on Figure 8.9. The KE loss vs ACXSCC 
for the same data set (that is, with the car driven with different 
modus operandi but the same cruise speed) is shown on Figure 8.11; 
there is a larger spread of results than the speed di^erence plot. 
Equation 8.22 has been added, though it is based on the larger data 
set including all Series 1-3. These data are also shown on Figure 
8.12, where the other 50 kph results and results from other cruise 
speeds are also shown.
The lower cruise speed results (for 30 and 40 kph) 
generally appear with a higher than expected consumption as compared 
with the results for cruise speeds of 50 and 60 kph. The addition 
of CRUISE as an independent variable was considered, and Table 8.25 
shows the addition of CRUISE to the Series 1-3 equation to be 
justified statistically. The coefficient of determination increases 
from 0.73 to 0.78, with an accompanying reduction of the Standard 
Error. For this data the expression:
ACXSCC = 0.13 SPDIFF - 0.25 CRUISE +4.4 Eqn. 8.37
(153) (11)
R2=0.78 
is given.
For the Field data MEANV, the equivalent of CRUISE for the 
track tests, has mean value of 50.4 and an S.D. of 3.6. It 
explains little further variability in the data than Equation 8.18 
and the standard error increases when the variable is added. The 
lack of significance in this case must be considered further, as it 
may well be that the small spread of cruise speed results is the 
reason that MEANV is not significant. Justification of the track 
result will have to await further lengthy field recording, with the 
emphasis placed on finding data with varying cruise speeds.
ACXSCC versus SPDIFF for the Series 4 tests is shown in 
Figure 8.13.
All the data points from 12 drivers are plotted; all the 
data relates to cruise speeds of 50kph. The data for the same 
conditions from Series 3 (50kph cruise and with a lead car) are also
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g iv e n . A number o f  comments may be recorded:
i )  D r iv e r  4 r e s u lts  from  S e rie s  3 te s ts  and D r iv e r  201 do 
n o t appear e x c e p t io n a l.  There does not appear to  be any 
in d ic a t io n  here  th a t  th is  d r iv e r  (used fo r  o th e r  te s ts  in  
t h is  programme) is  e x c e p t io n a l.
i i )  Only D r iv e r  210 perform ed c o n s is te n t ly  a t  o r above the  
mean, and no d r iv e rs  perform ed c o n s is te n t ly  below th e  
mean.
i i i )  The te s ts  w ith  212 and 214 (no le a d  c a r )  were 
g e n e ra lly  1 -2  cc h ig h , though no t c o n s is te n tly ;  212 is  
v e ry  s im i la r  to  2 11 , and 214 is  in  one in s ta n c e  below  2 1 3 .
i v )  The p re d ic t io n  from  S e rie s  3 w ith  v a ry in g  c ru is e  
speeds is  shown (E q . 8 .1 6 ) .  I t  has a lm ost the same s lo p e  
b u t an in te r c e p t  about 5 cc h ig h e r than Eqn 8 .1 7 .  E xcep t 
f o r  speed d if fe re n c e s  o f le s s  than 14kph the f i e l d  d a ta  
r e s u l t  (Eqn. 8 .1 8 )  l i e s  between these r e s u lts .
I f  the  d a ta  fo r  f u l l  stops a re  in c lu d ed  fo r  the same 
d r iv e r s ,  a v e ry  s im i la r  b es t f i t  re s u lts ;  th is  is  shown 
on the  F ig u re . (NOTE: th is  is  n o t to  say th a t  p a rts to p s
can be p re d ic te d  from  th e  f u l l  stop  d a ta  by a d ju s t in g  th e  
f u l l  stops; i t  does, as m ight be expected , show th a t  th e  
e x a c t speed reached in  th e  p a r t  stop o r f u l l  s top  i s  n o t  
s ig n i f ic a n t  in  r e la t io n  to  speed d i f fe r e n c e ) .
F o r th e  f i e l d  d a ta  Eqn 8 .1 8  is  a poor p re d ic to r  in  
com parison w ith  th e  tra c k  d a ta . As can be seen in  F ig u re  8 .1 4 ,  
th e re  is  c o n s id e ra b le  s c a t te r  in  th e  f i e l d  d a ta . E quations  8 .1 8  and  
8 .1 6  a re  shown fo r  com parison. One reason fo r  th e  s c a t te r  i s  th e  
poor e s t im a tio n  o f  g ra d ie n t ,  w hich w i l l  a f f e c t  o v e r a l l  consum ption  
CC. Any e r r o r  w i l l  be m a g n ifie d  in  th e  e s tim a te  o f  ACXSCC.
F ig u re  8 .1 5  shows the  ACXSCC p lo t te d  a g a in s t KE lo s s , and 
th e  same spread is  e v id e n t; th e  f i e l d  d a ta  needs c o n s id e ra b le  
expansion  and more a c c u ra te  measurement o f  grade b e fo re  th e  t e s t  
t r a c k  r e s u lts  can be s a id  to  be confirm ed  by f i e l d  te s ts .
ACXSCC f o r  Speed Humps
The d a ta  on speed humps c o lle c te d  by d r iv e r  4 is  shown in
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F ig u re s  8 .1 6  and 8 .1 7 .  L im ite d  a n a ly s is  o f these r e s u lts  has been 
made; the p lo t te d  graphs fo r  the  p a r t  stops would appear a 
reasonab le  f i r s t  e s tim a te  o f the excess fu e l;  the  in fe re n c e  from  
th e  graphs is  th a t  th e  p a r t  s top o v e re s tim a te s  ACXSCC fo r  humps a t  
h ig h  speed d i f fe r e n c e s .  The tim e saving  in  a speed hump w ith  th is  
v e h ic le  is  a p p ro x im a te ly :
TSAVED >  3 .55 - 0 .5 8  CRUISE ■ +  0 .4 2  ilAXKPH Eqn 8 .3 8  
R2 = 0 .9 1
T h is  is  fo r  c ru is e  speeds from 20 to  50 kph and maximum speeds o f  60 
kph.
PSTPXSCC
F o r th e  PSTPXSCC ( th e  excess f u e l  a f t e r  having  a llo w e d  fo r  
consumption a t  th e  id le  r a te  fo r  the  d u ra t io n  o f  th e  d e la y )  minimum 
speed and c ru is e  a re  a g a in  u s e fu l (Eqns 8 .2 9 -3 1 ]? t The r e la t io n  w ith  
SPDIFF and DELAY is  a ls o  in te r e s t in g ,  g iven  th a t  a d i r e c t  a llo w an ce  
f o r  d e la y  f u e l  has a lre a d y  been made.
A re g re s s io n  o f  peak a c c e le ra t io n  a g a in s t PSTPXSCC was 
a ls o  made; about h a l f  the  v a r i a b i l i t y  cou ld  be r e la te d  to  th e  
a c c e le ra t io n  term  (Eqns 8 .3 5  and 8 .3 6 ) .  Peak a c c e le r a t io n  is  
r e la te d  to  speed d i f fe r e n c e  (c o r r e la t io n  SPDIFF and PKACC is  0 .5 9 )  
b u t is  a b e t te r  p r e d ic to r  fo r  PSTPXSCC.
The excess consumption does n o t appear to  be c lo s e ly  
a f fe c te d  by th e  a c c e le ra t io n  ra te s  used by the  d r iv e r s .  For th e  
f i e l d  d a ta  F ig u re  8 .1 8  has been p lo t te d ,  and i t  can be seen th a t  
o n ly  a g e n e ra l tre n d  is  a p p a re n t. Even g iven  th e  known v a r i a b i l i t y  
o f  the f i e l d  d a ta , the  R squared term  ( 0 .4 2 )  is  p o o r.
PAGE 481
30
25
20
15
1 0
5
0
-5
10
SYMBOLS USED
C ru ise  speed 30 kph A 
C ru ise  speed 40 kph ■  
C ru ise  speed 50 kph •
Eqn8.22
P re d ic t io n  from  
a l l  s e r ie s  3 r e s u lts  
f o r  P a r t  S tops______
20 40 60 80 100 120 140 160 180 200 220 240
Observed KE loss in m. st^  per sec. scj units 
816 Exce ss fuel during speed humps
Series 1 - 3 . PAGE 482
30
SYMBOLS USED
25
C ru is e  speed 30 kph 
C ru is e  speed 40 kph 
C ru is e  speed 50 kph
20
0
0
c
•H
c
0
•H
CL
E
D
Egn816 P re d ic t io n  from P a rr  Stop
T ra c k  d a ta
0)
C
0
0
CD
CD
0
0
X
0
5 -
u
u
CO
X
u
<
-10
504020 30
Speed difference kph 
. ve Speed difference Speed HumpFig 8.17Excess fuel
PAGE 483
Ex
ce
ss
 
fu
el
 
ha
vi
ng
 
al
lo
we
d 
fo
r 
de
la
y 
cc
 
PT
SP
XS
CC
30
25 •-
20 Eqn8.36 Least squares fin 
From this data v
10 ■ “
5 -
-5
-10
Peak Acceleration in m. eg / see. eg F.
Fig8.18 Delay excess fuel Field data,
PAGE 484
Geometry and Part Stops
8.8.5 Comparisons of Delay, KE and excess fuel.
D e la y  is  f r e q u e n t ly  measured, c a lc u la te d , e s tim a te d  and 
s im u la te d . I t  i s  a b a s ic  measure o f e f f ic ie n c y  o f  tra n s p o r t  
system s. I t  i s  th e re fo re  im p o rta n t th a t  r e la t io n s h ip s  between d e la y  
and o th e r measures such as f u e l  consumption a re  p ro p e r ly  d e fin e d  and 
c a r e f u l ly  used. In  th is  s e c tio n  proposals a re  made to  im prove the  
way fu e l  is  e s tim a te d  from  d e la y , even though th e  a u th o r would  
p re fe r  to  use a l t e r n a t iv e  methods o f e s tim a tin g  f u e l .
I t  w i l l  be r e c a l le d  th a t  fo r  the  TRANSYT s ig n a l  
c o o rd in a tio n  program, e s tim a tes  o f  KE lo s s , and hence o f  
f u e l ,  were made by c o lla p s in g  th e  tim e a x is  fo r  a f u l l  
s to p . O verlap p in g  the d e c e le ra tio n  and a c c e le ra t io n  
re g io n s  produced a "minimum" speed from  w hich KE lo sses  
co u ld  be e s tim a te d . These could  be r e la te d  to  th e  "d e la y "  
d e r iv e d  from  th e  overlapped  h is to g ram s. The KE lo sses
cou ld  then  be compared w ith  the KE lo s s  in  a f u l l  s to p .
The f u e l  consumed by the p a r t  stop was then p re d ic te d  
u s in g  t h is  p ro p o r t io n . Above 8 seconds a f u l l  s top  was 
assumed to  o ccu r.
T h is  presumed r e la t io n s h ip  has been e v a lu a te d  be low .
I t  has been noted  above th a t  DELAY is  n o t a s tro n g  
e s tim a to r  o f  ACXSCC (T a b le  8 .2 4 )  fo r  any o f  the d a ta  groups. U sing  
KE lo ss  and CRUISE w i l l  e x p la in  a lm e$t 80 p e rc e n t o f  the  v a r ia t io n  
in  excess f u e l  (T a b le  8 .2 5 )  so i t  rem ains to  id e n t i f y  w hether DELAY 
i s  a good e s tim a to r  o f  KE. I t  appears in h e r e n t ly  u n l ik e ly  th a t  i t  
should be in  p r a c t ic e ,  as th e  d if fe re n c e  in  d r iv e r  b eh av io u r and 
c ru is e  speed w i l l  g r e a t ly  in f lu e n c e  th e  r e s u l t .
Two com parisons were made: KE lo s s  and KEPER ( th e
p ro p o rtio n  o f  a f u l l  s to p ) were re la te d  to  DELAY.
(KEPER = R a tio  a c tu a l KE lo s s : KE lo ss  in  a f u l l  s top  from  th e  same
c ru is e  sp eed ).
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8.8.6 Predicting KE loss from Delay
T a b le s  8 .2 6 a  and 8 .2 6 b  and 8 .2 7 a  and 8 .2 7 b  show an 
in te r e s t in g  d if fe r e n c e  between the te s t  tra c k  d a ta  and th e  l im i te d  
f i e l d  d a ta . For th e  S e r ie s  4 T rack da ta  the a c tu a l KE measurement 
from  the re c o rd in g  equipm ent is  a f a r  le s s  a c c u ra te ly  p re d ic te d  by 
th e  d e la y  than is  the  crude KE lo ss  from the d if fe r e n c e  o f  squares  
o f  c ru is e  and minimum speed (T a b le  8 . 2 6 ) , On the o th e r  hand fo r  the  
f i e l d  d a ta  the  KE lo s s  recorded  can be more a c c u ra te ly  p re d ic te d  
than  the  crude KE change (T a b le  8 .2 7 ) .
N e ith e r  o f  these re s u lts  appeared p ro m is in g , and th e  
p ro p o rtio n  o f  KE lo s s  was then examined.
8 .8 .7  P re d ic t io n  o f  p ro p o rtio n  o f  KE loss  from  D e lay
Four e q u a tio n s  were d e rived  fo r  KEPER, one f o r  each d a ta  
source , in c lu d in g  one from  th e  average percentages g iv e n  f o r  in te g e r '  
d e lays  by R obertson , Lucas and B aker. None o f  the exp ress io n s  
should be used o u ts id e  th e  s p e c if ie d  range, as the  e q u a tio n  should  
become asym p to tic  to  100 KEPER, and should pass though 0 KEPER a t  
d e la y s  o f  ze ro  seconds. W h ile  a l l  a re  a p p ro x im ate ly  a s y m p to tic  n ear  
100 KEPER, none is  e x a c t ly ,  and none passes through th e  o r ig in .
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Geometry and Part Stops
TABLE 8 .2 8
Eqn and Source Range R Square Eqn.No.
R obertson , Lucas and Baker
KEPER = 22 .7 , D - 1 .6 ( D ) 2 +23 1 -8 0 .9 9  8 .3 9
S e r ie s  1 - 3
KEPER = 1 4 .9 , D - 0 .8 ( D ) 2 +24 1-10 0 .8 5  8 .4 0
S e rie s  4
KEPER = 8 . 9 . D -0 .2 4 (D )2 +  19 1-16 0 .8 2  8 .4 1
Reading F ie ld  d a ta
KEPER = 1 2 .3 .D - 0 .5 9 (D )2 +26 1-9 0 .7 1  8 .4 2
N ote : in s u f f ic ie n t  d a ta  p o in ts near fu l ] s top c o n d it io n s
means th a t  th is  curve peaks a t 90 KEPER; i t  does n o t
meet e i th e r  end c o n d it io n .
These re la t io n s h ip s  a re  q u ite  d is s im i la r .  Two f ig u r e s  
have been p lo t te d  to  dem onstrate th is .
In  F ig u re  8 .1 9  the  F ie ld  d a ta  has been p lo t te d  w ith  th e  
b e s t f i t  E q u atio n  8 .4 2  and Robertson Lucas and B a k e r's  suggested  
r e la t io n s h ip .  E q u atio n  8 .4 2  is  a reasonable  e s t im a to r  f o r  th e  f i e l d  
d a ta ; us ing  th e  r e la t io n s h ip  suggested by R obertson , Lucas and 
Baker (Eqn. 8 .3 9  up to  8 seconds and 100 KEPER fo r  h ig h e r d e la y s )  
would produce a c o n s is te n t o v e re s tim a te . The e x c e p tio n  is  th e  d a ta  
p o in t  where speed f lu c tu a t io n  re s u lte d  in  th e  KE recorded  g r e a t ly  
exceeding th e  KE lo s s  th a t  would have occurred in  a F u l l  s to p .
One reason fo r  th is  o veres tim a te  is  th a t  th e  c ru is e  speed 
f o r  th e  f i e l d  d a ta  ranges from  42 to  60 kph. The mean is  abou t 50
w ith  a sm a ll S .D . o f  under 4 kph. The c ru is e  speed fo r  th e
R obertson , Lucas and Baker p re d ic t io n  is  41 kph. The t o t a l  c y c le  
tim e  fo r  a f u l l  s top and re tu rn  to  c ru is e  from  40 kph is  c le a r ly  
le s s  than th e  same a c t io n  from  50 kph. T h is  w i l l  a f f e c t  th e
p ro p o rtio n  o f  a f u l l  s top p o s s ib le  in  a g iven  number o f  seconds o f
d e la y .
Some a d d it io n a l  d a ta  a v a i la b le  from  th e  S e r ie s  1 te s ts
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confirm s the c ru is e  speed in f lu e n c e . The da ta  fo r  t ra c k  r e s u l ts  fo r  
40 kph a re  p lo t te d  u s ing  a square symbol on F ig u re  8 .1 9 .  I t  can be 
seen th a t  these co n firm  reasonab ly  w e ll  the re s u lts  o f  many more 
t e s ts  which R obertson Lucas and Baker used.
Two p o in ts  have to  be re s o lv e d . The f i r s t  is  w h eth er the  
o v e re s tim a te  is  im p o rta n t, and the second is  w hether i t  is  ju s t  the  
c ru is e  speed d if fe re n c e  th a t  is  a f fe c t in g  the measurements.
An o v e re s tim a te  o f KE lo s s  fo r  a g iven  d e la y  would
o v e re s tim a te  th e  f u e l  consumption lo ss  d u rin g  a p a r t  s to p . I f  an 
upper o r lo w er bound has to  be g iven  r a th e r  than an a c c u ra te  
p r e d ic t io n , then a lo w er bound would be much p re fe r re d , as t h is  
would g iv e  r is e  to  a minimum e s tim a te  o f  fu e l  savings by re d u c in g  
d e la y . -
' An upper bound would no t be v e ry  u s e fu l in  
d e c id in g  on in v e s tm e n t.
I t  would th e re fo re  seem im p o rta n t n o t to  o v e re s tim a te . I f
th e  c ru is e  speeds from  w hich p a r t  stops a re  made a re  40kph o r  lo w e r ,
then  i t  m ight be assumed th a t  l i t t l e  o v e re s tim a tio n  is  in v o lv e d .
The spacing between s ig n a ls  and the  a c tu a l c ru is e  speeds used by 
d r iv e r s  w i l l  d e term in e  th e  e x te n t o f the m is e s tim a te . I t  i s  
c e r t a in ly  the  case th a t  many d r iv e rs  t r a v e l  above the  50kph le g a l  
l i m i t  between s ig n a ls  even when th e  s ig n a l spacing is  q u ite  s h o r t .
However th e  c ru is e  speed is  o n ly  one fa c to r  a f f e c t in g  th e  
e s tim a te s . A nother source o f  d if fe re n c e  can be seen by exam in ing  
F ig u re  8 .2 0 .
A l l  th e  d a ta  p o in ts  from  th e  S e rie s  4 te s ts  and th e  f i e l d  
d a ta  a re  p lo t te d ,  and w h ile  th e  symbols a re  n o t alw ays in d iv id u a l ly  
d is t in g u is h a b le  as to  w hich d r iv e r  p rovided  which d a ta  p o in t ,  th e  
p o in ts  have been la b e l le d  to  dem onstrate th e  g e n e ra l n a tu re  o f  th e  
p lo t ,  and i t s  a p p l ic a b i l i t y  to  a l l  the  d r iv e r s .  I t  w i l l  be seen  
th a t  a l l  th e  S e r ie s  4 d a ta , excep t one p o in t ,  l i e  below th e  cu rve  
p re d ic te d  by R obertson , Lucas and B aker. I t  can a ls o  be seen th a t  
below 7 seconds d e la y  o n ly  th e  p o in ts  r in g e d  where th e re  was no le a d  
c a r  d u rin g  the  S e r ie s  4 te s ts  approach the curve to  w i th in  25 
p e rc e n t. (T h ere  is  one ex c e p tio n  in  39 p o in ts ) .  Above 7 seconds
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many p o in ts  a re  between 3 0 -4 0  p ercen t below the  e s t im a te .
The f i e l d  d a ta  p o in ts  a re  g e n e ra lly  a l i t t l e  h ig h e r than  
th e  S e r ie s  4 te s ts  fo r  the  same d e la y  in  th e  range 1 -7  seconds, bu t 
th ese  s t i l l  average 19 p e rc e n t below the  c u rv e . The f i e l d  d a ta  
p o in ts  w ith  no le a d  c a r  a re  a ls o  r in g e d .
The in f lu e n c e  o f  a le a d  ca r d id  n o t a p p a re n tly  a f f e c t  th e  
f u e l  consumption f ig u re s  g iv e n  in  the  S e rie s  1 -3  te s ts ;  d e s p ite  
d if fe re n c e s  in  minimum speeds th e re  were no s ig n i f ic a n t  d if fe re n c e s  
in  excess f u e l .  There were s ig n i f ic a n t  d if fe re n c e s  in  DELAY, and 
t h is  d if fe r e n c e  is  in f lu e n c in g  the  p o s it io n s  o f  the p lo t te d  p o in ts  
on th e  DELAY vs KEPER f ig u r e s .  I f  the  l im i te d  d a ta  from  th e  tra c k  
comparisons is  t r u e ,  then a l l  the  d e la y s  w ith o u t a le a d  c a r  a re  
p ro b ab ly  about a second s h o rte r  than th ey  would be w ith  a le a d  c a r .
To summarise the  above i t  cou ld  be s a id  th a t  u n less  the  
m a jo r ity  o f  p a r t i a l  stops a re  g e n e ra lly  made from  le s s  than  40 kph, 
and a re  made w ith o u t in f lu e n c e  from  a c a r  ahead, the p re s e n t  
r e la t io n s h ip  used by R obertson, Lucas and Baker w i l l  tend to  
o v e re s tim a te  KE lo s s , and i f  th is  KE lo s s  is  used to  e s tim a te  f u e l ,  
th e  excess f u e l  caused by a p a r t  stop w i l l  be o v e re s tim a te d .
R a th e r than use the bes t f i t  to  the  d a ta , the  a u th o r would  
propose th a t  a b e t te r  method would be to  make a c o n s e rv a tiv e  
e s tim a te  o f  th e  KE lo s s , y ie ld in g  a c o n s e rv a tiv e  e s tim a te  o f  f u e l  
consum ption. T h is  can then  be used to  g iv e  a reaso n ab le  range o f  
f u e l  consumption caused by p a r t  s to p s . The F ig u re  8 .2 0  d a ta  is  
r e p lo t te d  on F ig u re  8 .2 1  and fo u r  express ions  a re  shown:
i )  th a t  g iven  by R obertson, Lucas and Baker
i i )  the b e s t f i t  l in e  through the d a ta
i i i )  KEPER = (1 4 /1 0 0 ) , DELAY Eqn 8 .4 3
and
i v )  KEPER = 1 0 . DELAY -  0 .0 1 5 (DELAY)3 Eqn 8 .4 4
G iven  the  c o n s tra in t  o f  a p p ro x im a te ly  100 KEPER a t
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a p p ro x im ate ly  14 -15  seconds no co n tin u o u s ly  concave downwards curve  
can be f i t t e d  to  the  d a ta  such th a t  i t  is  a c o n s e rv a tiv e  e s t im a te  
throughout and s t i l l  meets the c o n s tr a in t .  The b es t f i t  cu rve  u s ing  
d e la y  and d e la y  squared has a p o s it iv e  in te r c e p t  a t  19 p e rc e n t;  
a p a r t  from  th e  in te r c e p t  i t  is  a, reasonab le  e s tim a to r  in  th e  range  
1 -1 6  seconds. The E q u a tio n  8 .4 3  g iv e s  a reasonab le  minimum e s tim a te  
f o r  a l l  th e  d a ta  above about 6 seconds, b u t u n d eres tim ates  th e  lo w er  
v a lu e s . A number o f  p o in ts  appear to  the  r ig h t  o f  th is  l i n e  a t  
va lu es  o f  more than 90 KEPER, bu t by 14 seconds a v e ry  la r g e  number 
o f  f u l l  stops have o ccu rred  and a c u to f f  v a lu e  must be a p p ro p r ia te  
h e re . E q u atio n  8 .4 4  f i t s  the  low er bound a t  v a lu es  up to  about 6 
seconds, and is  f a i r l y  c o n s e rv a tiv e  from  6 to  12 seconds.
I t  is  suggested th a t  E q u atio n  8 .4 4  m ight be ta k e n  as a 
c o n s e rv a tiv e  e s tim a to r  o f  KEPER fo r  p a r t  stops up to  14 seconds, 
w ith  100 KEPER fo r  la r g e r  d e lays  (a  com plete s to p ) . T h is  w ould g iv e  
th e  fo llo w in g  ranges o f  KEPER fo r  in te g e r  v a lu es  o f  d e la y :
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
I
Upper bound (R obertson  Lucas and B aker)
i  ' ■
42 64 78 88 94 98 99 100 fo r  a l l  stops GT 8 seconds 
Lower bound (Proposed)
V
10 20 29 37 48 57 65 72 79 85 90 94 97 99 100
D if fe re n c e
30 44 49 51 56 41 34 28 21 15 10 6 3 1 0
I t  w i l l  be seen from  the  above th a t  th e re  is  a la r g e  
d if fe re n c e  fo r  a l l  d e lays  up to  7 seconds, and th a t  th e  range is  
o ver 50 percen t fo r  d e lays  o f 4 -5  seconds, which w i l l  occur q u ite  
f re q u e n t ly  in  p r a c t ic e .  The p lo t te d  r e s u lts  tend to  h id e  t h is  la rg e  
d if fe r e n c e .  An even g re a te r  d if fe re n c e  would appear i f  a h ig h e r  
average c ru is e  speed is  adopted .
PAGE 495
Geometry and Part Stops
W h ile  th e  above p roposa l may be u s e fu l i t  would appear 
w o rth w h ile  u s ing  some a l t e r n a t iv e  e s tim a te  fo r  fu e l  consum ption, 
e s p e c ia l ly  as th e  p r e d ic t io n  o f  f u e l  consumption from  KE lo s s  is  n o t  
p a r t ic u la r ly  a c c u ra te .
8 .8 .8  Using DELAY as an e s t im a to r  o f  fu e l  consumption in  P a r t  S to p s .
From th e  above two conclusions may be drawn :
i )  D e la y  is  n o t a good e s tim a to r o f  fu e l  consum ption.
Four d i f f e r e n t  e s tim a te s  have been d e riv e d  from  fo u r  S ources, even  
though the e s tim a te s  them selves appear s e lf -c o n s is te n t .  T h is  is  
p a r t ly  because th e  d e la y  is  a f fe c te d  by w hether a le a d  c a r is  
p re s e n t, and, more c r u c ia l l y ,  by the c ru is e  speed from  w hich th e  
p a r t  stop is  presumed to  have occu rred .
i i )  I f  d e la y  has to  be used as an e s tim a to r because no 
o th e r  method is  p o s s ib le , then a more co n s e rv a tiv e  e s tim a te  should  
be made. As SPDIFF o r (CRUISE and MINKPH) a re  b e t te r  p re d ic to rs  o f  
f u e l  consumption than  is  KE change (T a b le  8 .2 4 )  then perhaps a 
b e t te r  method o f  approach ing  th e  problem is  to  p re d ic t  minimum speed 
r a th e r  than KE lo s s  o r KEPER. U n fo r tu n a te ly  MINKPH cannot be 
p re d ic te d  from  d e la y  w ith o u t knowledge o f th e  c ru is e  speed. The 
o n ly  da ta  having  a w ide range o f  c ru is e  and minimum speeds is  the  
S e rie s  1 -3  d a ta . T a b le  8 .2 9  shows the ve ry  good e s tim a te  o f  Minimum  
speed d e r iv e d . The d a ta  is  however fo r  one v e ry  c o n s is te n t d r iv e r  
and the  R1, term  w i l l  be h ig h e r than  m ight be expected from  m u lt ip le  
d r iv e r s .  W ith  th is  r e s e rv a t io n , MINKPH can be r e l i a b ly  p re d ic te d  
from  th e  exp ress io n  : -
MINKPH = 2 .5  -  5 DELAY +  0 .8 5  CRUISE +  0 .1 6  DELSQ Eqn 8 .4 5  
(7 8 )  (2 4 7 ) (9 )
R2 = 0 .9 3
Thus i f  the  d e la y  and c ru is e  speed fo r  a p a r t  s top  a re  
known then the b e s t e s tim a te  o f  fu e l  would be o b ta in ed  by 
s u b s t itu t in g  from  e q u a tio n  8 .2 9  in to  equations 8 .1 6  -  8 .2 1  as
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Geometry and Part Stops
a p p ro p r ia te .
8.9 Conclusions from Partial stops.
The excess f u e l  consumption fo r  p a r t  stops can be e s tim a te d  
from  express ions g iven  in  T ab le  8 .2 4 .  I n s u f f ic ie n t  f i e l d  d a ta  has 
been ob ta in ed  to  co n firm  the  tra c k  re s u lts  p r e c is e ly ,  though the  tra c k  
e s tim a te s  do n o t appear unreasonable; fu r th e r  work is  needed h e re .
The p re d ic t io n s  based on speed d if fe r e n c e , o r c ru is e  and minimum speed 
s e p a ra te ly  appear r e l i a b le .  For m u lt ip le  d r iv e rs  and up to  50 kph on 
th e  tra c k  the  r e s u l t
ACXSCC = 0.55SPDIFF - 9 .2
has a h igh  c o r r e la t io n  and is  a c o n s e rv a tiv e  e s tim a te  o f  th e  f i e l d  
d a ta .
For th e  s in g le  d r iv e r  the r e s u lt :
ACXSCC = 0 .67 . CRUISE -  0 .5 6  MINKPH - 9 .9
was o b ta in e d , and e x p la in s  alm ost 80 p e rcen t o f  th e  v a r i a b i l i t y .
I f  f u e l  is  to  be es tim a ted  from  d e la y , then  u s in g  minimum 
speed and c ru is e  speed is  p re fe r re d  to  KE lo s s  o r th e  p ro p o rt io n  o f  a 
f u l l  stop d e r iv e d  from  i t .  The minimum speed can be e s tim a te d  from  
c ru is e  speed and d e la y  by
MINKPH = 2 . 5 - 5  .DELAY +  0 .8 5  .CRUISE +  0 .1 6  .(DELSQ)
Some s ig n i f ic a n t  d if fe re n c e s  in  d e la y , depending on th e  
method o f  t e s t ,  and s p e c i f ic a l ly  on the  presence o r o th e rw is e  o f  a 
le a d  c a r , p o in t  to  the  conc lus ion  th a t  a le a d  c a r is  n ecessary  f o r  
t r a c k  experim ents i f  the  re s u lts  a re  to  s im u la te  p a r t i a l  s tops on th e  
road  where o th e r  t r a f f i c  is  p re s e n t.
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E s tim a te s  o f Excess f u e l  caused by d e la y  a re  c r u c ia l ly  
dependent on the c ru is e  speed from  which the d e lay  occu rs . The 
e s tim a tio n  o f f u e l  consumption from  d e lay  is  b es t made v ia  th ese  
c ru is e  and minimum speeds.
8 .1 0  Comparison o f  p a r t  stops w ith  excess fu e l  caused by geom etry.
In  T ab le  8 .2 8  th e  exp ress ion :
TXSCC = 0 .56 , CRUISE -  0 .6 1  MINV - 2 .4
was g iven  fo r  the  excess f u e l  n e g o t ia t in g  a sim ple bend. T h is  r e la te s  
to  D r iv e r  4 ,  and th e  com parable eq u a tio n  fo r  p a r t  stops is  th e re fo re  
E q u atio n  8 .1 9 :
ACXSCC = 0 .6 7 CRUISE -  0 .5 6  MINV - 9 .9
The two fa m il ie s  o f  l in e s  on F ig u re  8 .2 2  i l l u s t r a t e  th e  two e q u a tio n s .  
Each l in e  shows the  excess f u e l  consumption over a range o f  c ru is e  
speeds fo r  a g iv e n  minimum speed . TXSCC is  shown as s o l id  l in e s ,  and 
ACXSCC as broken l in e s .  I t  should be remembered th a t  TXSCC is  the  
excess fu e l  above th a t  th a t  would have been used i f  th e  c a r  had 
t r a v e l le d  along  the  tan g en t l in e s  a t  a t  the  c ru is e  speed.
A lthough  the  s im p le  c u rv a tu re  te s ts  d id  extend  down to  
c ru is e  speeds o f  20 kph th e  com parison cannot be extended below  30 
kph . The f ig u r e  is  c u t o f f  a t  30 kph c ru is e  speed, as th is  was th e  
lo w e s t c ru is e  speed used in  th e  S e rie s  3 te s ts .  The minimum speed 
c u to f f  is  shown where th e  minimum speed is  a t  le a s t  10 kph le s s  than  
th e  C ru ise  speed. There is  a ls o  an ab s o lu te  minimum speed c u t o f f ,  
below  which the l in e s  would be nonsense, as the minimum speed would  
exceed the  c ru is e . The speed humps a re  n o t in c lu d ed  in  th e  d a ta ; and 
no d r iv e rs  c a rry  o u t speed humps through bends.
I t  would be expected  th a t  a ) the  TXSCC would exceed ACXSCC 
f o r  a sim ple p a r t  stop because th e re  a re  a d d it io n a l  c o rn e rin g  fo rc e s  
to  be overcome, bu t b) TXSCC would be low er than ACXSCC as th e  a c tu a l
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t r a je c to r y  o f  the v e h ic le  is  s h o rte r  than the ro u te  v ia  th e  ta n g e n t. 
These two d if fe re n c e s  alm ost balance o u t.
W h ile  the  two r e s u lts  appear ve ry  s im ila r  over the  whole  
minimum speed range between 45 and 60 kph c ru is e , in  v iew  o f  the  
d e p a rtu re  fo r  low minimum speeds and low c ru is e  speeds, a s in g le  
express ion  is  n o t s t r i c t l y  a d v is a b le . I f  a g e n e ra l term  fo r  a p a r t  
s to p , ir r e s p e c t iv e  o f  geom etry, is  re q u ire d  then the two e q u a tio n s  
cou ld  be rep resen ted  by:
Excess fu e l  = -0 .6 (CRUISE -  MINKPH) -  5 Eqn 8 .4 6
T h is  is  shown as the  l i g h t  broken l in e  on F ig u re  8 .2 2
8 .1 1  In te r fe re n c e  between geom etry and p a r t  stops
Conclusions have been g iven  above on the g eo m etric  e f f e c t s  
and on p a r t  s to p s , and th e  two e f fe c ts  have been compared. I t  i s
e v id e n t th a t  v e h ic le s  tu rn in g  a t  an in te r s e c t io n  may n o t in c u r  any  
a d d it io n a l  fu e l  consumption above th a t  caused by the geom etry , 
prov ided  the o p e ra tin g  system does n o t re q u ire  the v e h ic le  to  reduce , 
to  a minimum speed a t  th e  s to p lin e  below th a t  re q u ire d  fo r  th e  tu r n .
No improvement in ,  fo r  exam ple, a s ig n a l system w i l l  a f f e c t  th e  
consumption i f  th e  geom etry is  c o n t r o l l in g  the d e la y . On th e  o th e r  
hand, i f  th e re  is  a s u b s ta n t ia l  queue, then v e h ic le s  may in c u r  th e  
consumption fo r  a p a r t  s top  a t  th e  re a r  o f  a queue, and a second 
excess consumption in  tu rn in g  th e  c o rn e r.
The geom etry w i l l  e f f e c t  d i f f e r e n t  v e h ic le s  in  d i f f e r e n t  
ways: the fo llo w in g  example i l l u s t r a t e s  the  e f f e c t s .
C onsider a t y p ic a l  r ig h t  ang led  co rn er a t  an in t e r s e c t io n ,  
w ith  a ty p ic a l  ra d iu s  o f  10 m. Assume th a t  the  v e h ic le  i s  c r u is in g  a t  
50 kph. The minimum speed reached tu rn in g  the  co rn er w i l l  be about 21 
kph (T a b le  8 .8 )  and the  e x tr a  f u e l  used w i l l  be about 12 cc (T a b le  
8 .12).
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F o r th is  minimum speed to  have been caused d u rin g  a s im p le  
p a r t  s to p , the  d e la y  would be about 6 seconds. W ith  a sm a ll i n i t i a l  
queue, any v e h ic le  de layed  by le s s  than 6 seconds would n o m in a lly  
execute  a p a r t  stop w ith  a h ig h e r minimum speed, and the c o n t r o l l in g  
f a c to r  w i l l  be the  co rn er r a th e r  than the p a r t  s to p . Any v e h ic le  
e xe c u tin g  the tu rn , b u t delayed  but more than 6 seconds a t  the s top  
l i n e  w i l l  o n ly  in c u r  th e  e x tra  consumption which is  the d if fe r e n c e  
between i t s  expected  stop  o r p a r t  stop and the  consumption due to  th e  
tu r n . There is  o b v io u s ly  some p o s it io n  a t  which an a r r iv in g  v e h ic le
cou ld  be slowed by a queue, re g a in  some o f i t s  lo s t  KE, and then
d e c e le ra te  fo r  th e  c o rn e r .
A l l  v e h ic le s  in c u r  both  excess f u e l  costs  i f  they  s top  more 
than  80 m o r so from  th e  co rn er; le s s  than th is  and they w i l l  n o t  
re g a in  the c ru is e  speed b e fo re  reach in g  the c o rn e r. For lo n g e r queues 
than  th is  v e h ic le s  a r r iv in g  a f t e r  the l a s t  v e h ic le  in  queue moves o f f  
w i l l  co n tin u e  to  in c u r  some excess fu e l;  b u t i t  is  n o t u n t i l  th e  
queue le n g th  exceeds 150m t h a t ,  i f  the  la s t  v e h ic le  in  queue moves o f f
a t  the  moment an a r r iv in g  v e h ic le  stops a t  the  re a r  o f  the  queue, th e
two excess f u e l  consumptions w i l l  be e n t i r e ly  a d d it iv e .  O nly  above 
th is  le n g th  o f  queue w i l l  a v e h ic le  re g a in  i t s  c ru is e  speed b e fo re  
beg in n in g  to  d e c e le ra te  fo r  the cu rve .
The above example i l l u s t r a t e s  the c o n s id e ra b le  e f f e c t  th a t  
geom etry has. Care must th e re fo re  be taken  in  accounting  th e  b e n e f i ts  
from  im provem ents. F or v e h ic le s  tu rn in g , the  p o te n t ia l  sav in g s  in  
tim e  and f u e l  a v a i la b le  from  changes in  p r io r i t y  and s ig n a l s e t t in g s  
a re  le s s  than ahead movements even when th e re  a re  q u ite  s u b s ta n t ia l  
queues.
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9 CHAPTER NINE GENERAL CONCLUSIONS
Summary
This chapter summarises the general conclusions from the main 
body of this thesis. The conclusions are not fully supported here and 
the reader should refer to the appropriate section or equation in 
earlier chapters.
9.1 General conclusions
A detailed assessment has been made of fuel consumption in 
urban areas. In particular,the effects of various junction types and 
components of junctions have been assessed, and empirical 
relationships derived. Components that are difficult to assess on 
street have been evaluated in test track experiments. Where possible 
these have been compared with on street measurements. Models used for 
overall consumption in urban areas have been evaluated, and the amount 
of variability in the data explained by each model has been defined 
and discussed. Comparisons have been made of two ATC signal control 
regimes, and SCOOT identified as saving fuel consumption in relation V 
to TRANSYT.
The effect of changes in driver was very pronounced; the 
overall figures for fuel consumption in urban areas is an average for 
the 7 different drivers used, and this affects the amount of 
variability explained by the models assessed.
The difficulty of relating all the results to the 
consumption which occurs when the general public uses the highways has 
not been resolved; and it is recommended that test drivers should be 
classified against a cross section of the general public if at all 
possible. This could be done at TRRL by comparing test drivers with 
results obtained on "Open" days from the general public. What 
information there is suggests that the test car driver used for much
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o f  t h i s  w o r k  i s  a  v e r y  c o n s i s t e n t  d r i v e r .  T h i s  i s  i d e a l  f o r  t e s t  
p u r p o s e s ,  a s  i s  t h e  u s e  o f  a u t o m a t i c  t r a n s m is s io n  f o r  t h e  t e s t  c a r s .  
H o w e v e r  c o n s i s t e n t  b e h a v io u r  may b e  a s s o c i a t e d  w i t h  lo w e r  f u e l  
c o n s u m p t io n  t h a n  n o r m a l . T h i s  m ig h t  t e n d  t o  m ake a l l  t h e  d i f f e r e n c e s  
r e p o r t e d  c o n s e r v a t i v e  e s t i m a t e s ,  a n d  t h e  c o n c lu s io n s  g iv e n  b e lo w  a r e  
r e g a r d e d  a s  g e n e r a l l y  c o n s e r v a t i v e .
C o n s i d e r a b l e  s a v in g s  i n  f u e l  c a n  b e  a c h ie v e d  i f  t h e  r e s u l t s  
o f  t h i s  t h e s i s  a r e  a p p l i e d  t o  u r b a n  j u n c t i o n  a s s e s s m e n t .  N o t  o n l y  h a s  
t h e  e f f e c t  o f  c h a n g e s  s i g n a l  r e g im e s  b e e n  show n b y  d i r e c t  m e a s u r e m e n t  
t o  im p r o v e  f u e l  c o n s u m p t io n ,  b u t  a  q u a n t i t a t i v e  e v a l u a t i o n  o f  f u e l  
c o n s u m p t io n  a t  r o u n d a b o u ts  w i l l  a l l o w  m o re  p r e c i s e  m e a s u re m e n ts  o f  
b e n e f i t s  t o  b e  m ade f o r  j u n c t i o n  m o d i f i c a t i o n s .  T h e  c o n s u m p t io n  i n  
q u e u e s  a t  p r i o r i t y  c o n t r o l l e d  a p p r o a c h e s  h a s  b e e n  a s s e s s e d ,  a n d  t h e  
e f f e c t s  o f  g e o m e t r y  a n d  p a r t i a l  s t o p s  a d d e d  t o  p r e v io u s  a s s e s s m e n ts  o f  
s t o p s .  T h e  u s e  o f  d e l a y  a s  a  s u r r o g a t e  f o r  f u e l  c o n s u m p t io n  h a s  b e e n  
sh o w n  t o  b e  a  p o o r  s u b s t i t u t i o n .  M o re  s u r p r i s i n g l y  s p e e d  d i f f e r e n c e  
h a s  b e e n  show n g e n e r a l l y  t o  b e  a t  l e a s t  a s  g oo d  a s  k i n e t i c  e n e r g y  
c h a n g e ,  a s  a  p r e d i c t o r  o f  f u e l  c o n s u m p t io n .
9.2 General Urban Models.
1. Previous models by Roth and Everall in U K and by Evans 
et al. in America cannot be said to support a simple inverse journey 
speed model to the exclusion of other models. A better interpretation 
of Roth's data is an expression in the form:
FC = a +b/V + cV2 + dV
Everall's car fuel consumption can be fitted to a function of similar 
form:
FC = 152/V +0.0034V2 - 0.31V +15 (Eq.4.4 Roth's data)
FC = 121/V +0.0017V2 - 0.18V +11 (Eq.4.18 Everall's data)
(in litres per 100km)
Roth's data is for a 1950's 2.2 litre car and Everall's data is the
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averaged data for a 1964/5 1.4 litre (equivalent) car. In both cases 
the coefficient of determination is 0.96.
2. With some reservations as to the variability of the
data, it was found that for 2 litre car running in normal urban
conditions, the fuel used on a trip of length DIST metres, journey 
time JT seconds, and with NSTOPS stops is approximately
CC =0.1 DIST + 0.2 JT + 20 NSTOPS (Eq. 5.6 Coventry data)
(cc)
This will exaggerate the fuel consumption by about 5 to 10 cc per km.
It is suggested that the general expression can be used for
trips outside the 6-13km range as the data contain a wide range of
trip lengths, and there are no specific features that suggest that 
consumption will vary outside the range given.
3 * Application of the model from General Motors to the 
Coventry data shows much lower levels of variability explained in this 
data than was found by Evans et al.. This is almost entirely to do 
with the trip length considered, and the coefficient of determination 
is comparable with the equivalent aggregated Melbourne data results. 
The General Motors model has the advantage of simplicity,but it is not 
at all sensitive to differences in journey time caused by different 
effects (see Chapter 4). The General Motors model for the same 
vehicle would be
FC = 8.5 +50/V (Eq.5.4 Coventry data)
(l/100km)
which overestimates by about 5 percent. For total fuel consumption on 
a trip, this can be written in the form
CC = 0.086DIST + 0.5JT -55 
(cc)
4. If Kinetic energy changes can be represented, but not
the number of stops, the Melbourne model can be used. The model
explains almost as much variability in the Coventry data as the model 
including stops, and and allows for variation in excess consumption in
stops and part stops via the KE term. For the same car and using the
PAGE 506
Conclusions
Coventry data this model would be
FC =0.00073 KE/D + 56/V + 0.15V +2.5 (Eq. 5.5 Coventry data)
(l/100km)
5. If neither the KE nor the number of stops can be 
identified, then it is possible to estimate fuel consumption 
approximately by:
CC = 0.065 DIST + 0.46JT + 5.1 ANGLE +2.0 RISE 
(cc) (Eq.5.2 Coventry data)
This expression does not require any measurements from a vehicle 
except journey time. The caveat must be added that the range of the 
RISE term is limited to application to routes with a maximum average 
RISE of about 9 m per km and locally about 9m per 100m.
9.3 Comparison of fuel consumption under TRANSYT and SCOOT signal 
regimes.
6. When the TRANSYT and SCOOT ATC signal control systems 
were compared using paired T Tests, improvements SIGNIFICANT at the 5 
percent level were identified when runs almost wholly within the 
controlled areas were compared. The significant differences were that 
the SCOOT system was:
1.8 kmph faster,
30 m2/sec* ke/kg per km lower,
and
0.68 1 per 100km less fuel.
In addition reductions were recorded in the number of stops, the time 
spent stationary and the proportion of time spent stationary, though 
these were not significant at the 5 percent level.
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9.4 Commercial Vehicle consumption in urban areas
7 . Gross vehicle weight can be expected to explain about 
half the variability in commercial vehicle fuel consumption.
8. Fully loaded vehicles perform better by about 5 litres 
per 100km for a given GVW than vehicles operating at varied loads.
For recent commercial vehicles, and given the present engine design, 
brake power per tonne levels and current speeds,the expressions 
derived are:
FC = 24 + 0.75GVW litres/lOOkm for varied conditions of load.
(Eq.6.36 rounded)
and
FC = 19 + 0.75GVW litres/lOOkm for laden vehicles 
(Eq.6.37 rounded)
9. Predictions were derived for overall consumption from 
all the data and for urban conditions only. For the vehicles recorded 
the data provided a reasonable fit to the expression:
FC = 18 + GVW( 4 - 0.1V + 0.0006V2 -11/V) (Eq.6.38 rounded)
(l/100km)
This equation may be biased by the inclusion of more than the normal 
proportion of fully laden vehicles, but it is not possible to identify 
the bias without data for the current proportions of loading carried 
by vehicles. This is outside the scope of this work. Any bias will
be such that the fuel per unit GVW will be greater than the equation
suggests, as there is unlikely to be as high a proportion of fully
laden vehicles on the road as there are in the data.
For the urban data the inverse speed term did not add to the explanation 
given by:
FC = 14 + GVW(4 - 0.1V + 0.0007V2) (Eq.6.42 rounded)
(l/100km)
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This would suggest that for given average speed and GVW, urban 
consumption is between about 20 and 40 percent more than the overall 
figures. There is not thought to be significant bias in the urban 
results which have a good spread of load conditions, but the 
difference in consumption between urban and general conditions may be 
somewhat less than the 20-40 percent, due to the possible bias in the 
overall data.
10. The commercial vehicle figures quoted by Everall do not 
appear to reflect present conditions.
11. Little weight should be attached to the apparent 
increase in consumption between the reanalysed data from Everall and 
the current vehicle fleet. This is because conditions have changed 
over almost 20 years, and some of the data quoted by Everall is 
suspected not to be typical even of vehicles then operating.
12. Some of the commercial vehicle formulae quoted by
poor ■ J
Everall appear in the reanalysis to have very lew significance levels. 
The data used in reanalysis is not exactly that used by Everall, but 
is taken from his diagrams.If the data are to be used they would be 
best used in aggegate form . The equation derived from this 
aggregated data does not fit the heaviest GVW in Everallfs data at all 
well.
9.5 Car fuel consumption at Roundabouts.
13. Total fuel consumed passing through a roundabout within 
the range of characteristics given in Chapter 7 can be derived from 
just two variables:
CC = 0.12D - 0.59Vmin +20 (cc) Eq.7.3
A better prediction, but involving the knowledge of more variables is:
CC = 0.12D - 0.88Vmin +1.63Ga +1.89Gd +0.72Vd -0.007KE +2.4
(cc) Eq. 7.4
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These predictions cover all types of roundabout, and all types of 
turn. The main restriction is to the maximum approach and departure 
speeds which are limited to about 65kph (40mph).
14. The excess fuel consumption at a roundabout caused by 
geometric delay can be described by:
Fd = 0.04XSDIST + 0.12 SPDIFF +0.6 (cc)
15. Having allowed for the fuel caused by the delay,the 
remaining geometric excess is predicted by:
Fge = 0.09XSDIST +0.98Vd - 0.51Va -0.27Vmin -9.0 (cc)
. Eq.7.5
or , approximating for approach and departure speeds:
Fge = 0.09XSDIST + 0.49SPDIFF + 0.21Vmin -10 (cc)
Eq.7.6
Overall the prediction of total excess fuel at a roundabout 
is better explained than the above two components. The total excess 
fuel above that that would be used in travelling at the cruise speeds 
along the tangents is:
Fgd = 0.12XSDIST +0.76Vd - 0.46Vmin -17 (cc)
Eq.7.7
An alternative to this which uses approach and departure speeds, the 
delay experienced , and the angle turned through by the vehicle is:
Fgd = 0.98d -0.68Va +0.029 ANGLE -13 (cc)
Eq.7.8
16. When queueing for a priority-type service the total 
fuel consumed can be derived from
Fq = 0.54t + 5 (cc)
Eq.7.9
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This is about 30 percent higher than the idling consumption for the 
same car. A better representation of total consumption can be 
obtained from:
Fq = 0.4lt + 0.42KE -2 (cc)
Eq.7.10
The t term coefficient is almost exactly the idle consumption rate. 
The KE loss in the queue can be approximated by the queue length and 
rise:
Fq = 0.35t + 0.12 L +0.021 RISE (cc)
Eq.7 .11
This can be used (if the delay and length of queue can be estimated 
and the gradient is known) without recourse to on-vehicle 
measurements.
9.6 Consumption caused by Junction Geometry.
17. A close approximation to the total fuel consumed 
negotiating a bend, but involving the use of a number of variables is
CC = 0.079DIST + 4.7GRADE - 0.39MINV + 0.33SEC +0.29CRUISE +3.5 
(cc) Eq.8.6
The fuel consumption per metre is more doubtful, as the total 
measuring distance had of necessity to vary during the tests. A 
reasonable approximation to the unit consumption per metre,measuring 
from well before the deceleration area to after the end of 
acceleration, can be obtained from:
UNITCC = 0.15 + 0.014GRADE - 0.00027RAD - 0.00041CRUISE 
(cc per m) Eq.8.7
For flat 90 turns, the most usual type of junction corner, the result 
derived is
UNITCC = 0.16 - 0.00027RAD - 0.00058CRUISE
(cc per m) Eq.8.8
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18. A more useful and simpler expression can be found for 
the excess consumption from the curve. For speed changes in excess of 
lOkph (6mph) the excess above the fuel that would have been used to 
travel at the cruise speed via the tangents is:
TXSCC = 0.56CRUISE -0.61MINV - 2.4 (cc)
Eq.8.13
If only the cruise speeds on the approach roads are known, then track 
experiments would suggest that
0.51CRUISE - 0.21RAD + 0.035DEFL - 14 
Eq.8.14
19. The delay in excess of the notional travel time via the 
tangents at a simple curve was found from track experiments to be :
TDEL = 0.20SPDIFF + 0.10XSDIST (sec)
Eq.8.11
The excess consumption (having allowed for the consumption caused by 
the delay) was only poorly defined but approximates to
XSXS = 0.48SPDIFF -0.17CRUISE +4.4 (cc)
Eq.8.12 /
9.7 Consumption caused by Partial Stops.
20. The existence of a lead car appears not to affect the 
fuel consumption for a part stop significantly for given minimum speed 
and cruise speed, even though the driver behaviour is affected.
21. For a track test using multiple drivers a simple 
expression for the total excess fuel in a part stop from 50 kph has 
been derived as
ACXSCC = 0.55SPDIFF -9 (cc)
(Eq.8.17)
TXSCC = 
(cc)
PAGE 512
Conclusions
T e s t s  w i t h  o n e  d r i v e r  s u g g e s t  t h a t  t o  a l l o w  f o r  d i f f e r i n g  c r u i s e  
s p e e d s  m o re  w i d e l y  t h e  e x p r e s s io n
ACXSCC = 0.13SPDIFF -0.25CRUISE +4.4 (cc)
(Eq.8.37)
could be used, but this tends to give higher values than the multiple 
driver expression. This latter expression was not confirmed by field 
tests. ,
22. It is suggested that in view of the similarity in the 
expressions derived a first approximation for all part stops, whether 
caused by geometry or not, could be given by
Excess fuel =0.6.(CRUISE - MINKPH) - 5 (cc)
Eq 8.46
This excess is the excess over travelling at the cruise speed via the 
tangents.In the case of a partial stop the tangents form a straig ht 
line.
23. Delay is not a good estimator of excess fuel 
consumption. This applies to roundabouts, simple curves, and 
particularly to part stops. If delay has to be used for estimating 
consumption in part stops then an estimate of the KE loss can be 
obtained, as a fraction of the KE loss for a full stop, from
KEPER = 10DELAY -0.015 (DELAY)3 (no units)
This is a CONSERVATIVE estimate; it is suggested that the results 
used by Robertson, Lucas and Baker tends to overestimate KEPER for the 
track and field results obtained.
24. A better method of estimating fuel consumption from 
delay is to use the delay and cruise speed values to estimate minimum 
speed. The results from one driver would suggest that this can be 
done from an expression of the form:
MINKPH = 2.5 + 0.85CRUISE - 5.0DELAY +0.16(DELAY)2
This can be substituted into the appropriate Fuel consumption 
equation.
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25. The counting of improvements in fuel consumption at 
signals needs careful assessment.
Overestimation of improvements in fuel consumption as a result of 
altering traffic signal systems will occur unless account is taken of 
the geometric excess fuel consumption already incurred by all turning 
traffic.
Underestimation of total fuel consumption will occur if a turning 
vehicle has to execute a part stop at the end of a queue before 
incurring the excess fuel consumption caused by the turn.
9.8 Survey Methods.
26. It is concluded that for fuel consumption purposes, and 
possibly for surveys of delay, timing points would be better placed 
midway between intersections, or at least sufficiently downstream from 
an intersection to allow all the excess fuel consumption attributable 
to a particular junction to be included in one section. At present 
timing points are often placed at intersections, and this can easily 
lead to difficulties if the data collected is to be flow weighted.
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10 CHAPTER TEN FURTHER WORK
This chapter lists work which will develop elements of this 
thesis to provide a more complete view of urban fuel consumption. It 
includes a description of two topics -network configuration and 
consumption between junctions- which have only briefly been mentioned in 
previous chapters.
10.1 Network configuration
One of the most noticeable omissions from the preceding nine 
chapters is any evaluation of the overall network configuration.There 
is no doubt that the ability of a network to function efficiently 
depends on how well the positioning of the roads accords with the 
geographical location of the trip ends it purports to serve.
There is obviously an interaction between the network shape 
and the trip desire line paths, and to a certain extent the network 
determines why people change their homes and their place of work.
Much of the transportation planning model is based on assumptions on 
distance, time and cost of reaching alternative destinations.
Changing the network from a grid to a ring and radial will certainly 
affect the model. The network configuration can only be changed 
slowly and at large capital cost, but the efficiency of the network as 
a network, not as a series of junctions and roads is important.
A simple example is given in Figure 10.1 where it is assumed 
that a driver wishes to travel along the path XY, and the most 
effective route available to him passes through A,B,G,F,D. Below the 
plan (a) at the top of the figure is the speed and fuel consumption 
plot (b) along the vehicle path, and the results of the various 
accelerations and decelerations along the path can be identified.The 
actual trajectory drawn is rather arbitrary, and there may or may not 
be any accelerations as the vehicle passes exits El and E2, but the
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Figure 10.1 Projections of fu e l and speed onto desire l in e .
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overall local consumption rates are not important, and no scale is 
given.
If the fuel and speed are translated into effective actions 
along the tangent, then plot (c) can be drawn.In comparison with the 
supposed cruise speeds Va and Vd the actual speed vector is very much 
reduced, and may be zero if the vehicle is travelling perpendicular to 
the tangent. There is some saving of fuel during deceleration, but 
very ineffective use of fuel through the junction itself, with large 
excess consumption through G,E1,E2,E3, and up to F.
The tangential projection has been used in the thesis as a 
measure of junction effectiveness, but the real projection for the 
driver is the projection onto the desire line, and the speed and fuel 
plot for this are shown in (d). Only as the vehicle approaches D, 
where the road and the desire line are parallel, is the fuel expended 
effectively.
This is the real measure of network efficiency, rather than 
link speed, junction delay, and fuel expended along the road.
10.2 Consumption between junctions
Some preliminary work on this topic has demonstrated that 
the use of a video camera to record causes of speed perturbations 
along a route will allow analysis of delay and excess fuel consumption 
between junctions using the type of equipment developed by the TRRL. 
Urban links have been less carefully considered than the effect of 
junctions. The importance of KE changes rather than the number of 
major junctions has been demonstrated in Chapter 5 but the relative 
magnitude of the KE losses at and between junctions has not been 
established, the effectiveness of peak hour clearways can be 
demonstrated in terms of delay. These and other Traffic management 
measures to smooth the flow bettwwen intersections can be examined 
when the sources of excess consumption and delay can be properly 
identified and assessed.
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10.3 Area Signal Control.
Considering the results obtained in Chapter 5, it is clear 
that it is possible to predict fuel consumption from distance 
travelled, journey time and stops; it is also clear that the number 
of stops and the total delay are not entirely correlated. The 
benefits obtained from setting the SCOOT system to reduce stops should 
be examined in more detail.
10.4 Drivers
The effect of driver variability is well documented, but 
little attempt has been made to classify drivers so their likely fuel 
consumption can be assessed in relation to others.Neither has there 
been much effort to classify drivers used for experimental work.
There may be difficulties in making such assessments, but while the 
delay recorded by drivers may not be greatly affected by changing 
drivers, the fuel consumption clearly is; the effects of changes in 
signal control were entirely masked by the changes of driver. The 
classification of drivers according to the KE changes they produced 
was attempted, but this and some other simple variables failed to
provide a ranking order which correlated with fuel consumption. This
is an interesting area, and will need careful analysis.
10.5 Commercial vehicle data
It is suggested that the loading conditions and relative 
freequency of different types of commercial vehicle in urban areas 
needs further examination. Differences between fully loaded and 
partly loaded vehicles appear sufficient to warrant rather more 
testing of commercial vehicles under part load conditions, and for the 
distribution of loading conditions to be examined more closely. The
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effect of percentage loading against overall fuel consumption has not 
been developed fully here. While the predictive equations obtained 
are better than previously available, they can be questioned as to the 
validity of the sample used. This requires more detailed work of the 
type outlined above.
10.6 Test track versus field data
Both the part stop data and the simple curve data need more 
field data to confirm the results obtained on the test track. The car 
used for the track tests is no longer available, but results from 
other vehicles of similar engine size, power, and weight can be used. 
The complications of combined vertical and horizontal curvature, and 
of compound curves made field data similar to the track data difficult 
to obtain, but as the predictive equations developed for excess 
consumption are simple, they should be tested against more urban data.
10.7 Priority intersections
Comparison of runs through priority intersections, where 
gradients, speeds and fuel consumption are known, should be made with 
the predicted consumptions based on curvature and partial stops. Some 
data is available for the same test car and driver as was used for the 
test track, and these should be analysed and assessed.
10.8 Delay as a predictor of fuel consumption
As one result of the test track data on partial stops was to 
question the effectiveness of predicting fuel consumption from delay, 
this area needs more study.From the track results speed difference 
rather than KE loss was empirically found to be the more useful
measure, but the supporting field data was insufficient to confirm 
this. More field data and more detailed work is required here.
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. APPENDIX
EXPRESSIONS USED BY RENOUF TO MODEL 
GOODS VEHICLES
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Fuel Consumption fo r  an "Average" Car
Fuel in cc Speed in mph P defined below
MPH cc MPH cc MPH cc
5
10
15
20
25
30
10
15
20
25
5
10
15
20
25
30
20
25
30
30
35
40
25.65 1
16.66 1 
13-35 1 
11.59 1 
10.40 1 
9.88 
16.54 
15*62 
11.88
10.45 
25-26 
16.27 
12.94
10.46
9.14 
9.08 
9.32 
8.8 
9.02 
7.78
8.14 
8.58
40
45
50
55
60
65
70
30
35
40
45
50
40
45
50
55
60
65
70
6.09 •
7.59 
7.65
8.59 
9.25 
10.15 
11.24 
7.67 
7.82
8.84 
9-42 
8 .02  
8.87 
9.79 
10.52 8 
11.04 8 
11.62 8 
12.53 8
35
40
45
50
30
35
40
20
25
.30
35
40
45
7.4 
8.18 
9.14
10.25 
7.88 
8.71 
9.98 
10.27 
8.89
8.05 
7.85
8.25 
9-56
9
9
9
9
10 
10 
10 
11 
11 
11 
11 
11 
11
P = 1 C e n t r a l  London
2 Suburban Roads
3 A r t e r i a l  Roads
4 S m al l  Towns
5 Dual  c a r r i a g e w a y  @ 40  mph
6 R u r a l  Motorway
7 2 l a n e  A-Roads
8 3 l a n e  A-Roads
9 O t h e r  -  S t r a i g h t  and L e v e l
10 O t h e r  -  W in d i n g  and H i l l y
11 V i l l a g e s
T a b l e  4 . 1 4  -  Adapted  f ro m  E v e r a l l .
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APPENDIX 5 .2  Coventry Survey Routes 
See F ig u re  5 .9  fo r  d e t a i ls  
o f  road names.
Appendix 5.2 Rouces followed by Survey cars. See Figure 5.9 for
actual roads on rouces. Rouces 00-03
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Appendix 5*2 Routes 
a c tu a l roads on ro u te s .
followed by Survey cars. See Figure 5.9 for
Routes 04-07
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Appendix 5 .2  Rouces fo llo w ed  by Survey c a rs . See F ig u re  5 .9  fo r  
a c tu a l  roads on rouces. Rouces 08-0B
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APPENDIX 5 .3  DATA COLLECTED BY CAR IN
COVENTRY SURVEY. 
JUNE 1980
V a r ia b le D e f in i t io n
DIST le n g th  o f  run in  m
JT Length o f  run in  seconds.
V Average speed in  km per h
INV V 1/V
V SQ Speed squared .
ST Stopped tim e d u rin g  run  in  seconds
ST/JT p ro p o rtio n  o f  tim e  spent s ta t io n a ry
N Number o f  stops in  run
N/D Number o f  stops per km
KE Measured KE lo s s  in  m etres squared  
per second squared u n i t s . ( A l l  ca rs  
were s im i la r  m ass.)
CC Fuel consumed in  cc
FC Fuel consumption in  l i t r e s  per 100 km
L /H Fuel consum ption in  l i t r e s  per hour
Routes traverse d  a re  l i s t e d  in  ascending o rd e r fo r
each tim e p e r io d . The ro u te  number is  g iv e n  above
th e  d a ta fo r  each ro u te . Run 00 is  u n la b e lle d .
P h y s ic a l ro u te  d e s c r ip t io n s  a re  in  T ab le  5 .3 ,  and
D r iv e rs  l is te d  on T ab le  5 .4
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CHAPTER 6
APPENDIX
GOODS VEHICLE DATA
GVW Speed .Fuel Power
in in in in
Tonne kph cc BHP
1.6 9.6 24 55
1.6 12.0 21 55
1.6 16.1 18 55
1.6 19.2 16 55
1.6 19.2 15 55
1.6 25.6 15 55
1.6 28.8 .15 55
1.6 52.0 11 . 55
1 .6 55.2 11 55
1.6 58.4 11 55
1.6 41.6 11 55
1.6 44.8 10 55
1.6 48.2 10 55
1.6 51.5 10 55
1.6 54.7 10 55
1.6 57.9 10 55
1.6 61.1 10 55
1.6 64.5 10 55
1.6 67.5 10 .55
1.6 70.8 10 • 55
1.6 74.0 10 55
1.6 77.2 15 55
1.6 80.5 11 55
1.6 85.7 12 55
1.6 86.9 12 55
1.6 90.1 12 55
Place
or
Source
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIEUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIEUS PETROL EMPTY
1 FORD MINIEUS PETROL EMPTY
1 FORD MINIBUS PETROL EM^TY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
1 FORD MINIBUS PETROL EMPTY
PAGE A6.2
GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BMP Source
2.C 9.6 27 55 1 FORD KINP.US FETROL LADEN
2.C 12.0 23 55 FORD KIKBUS PETROL LADEN
2.0 16.1 20 55 FORD MINBUS PETROL LADEN
2.0 19-2 18 55 FORD KINBUS PETROL LADEN
2.0 19-2 16 55 FORD KINBUS PETROL LADEN
2.0 25-6 15 55 FORD KINBUS PETROL LADEN
2.C 20.8 14 55 FORD KINBUS PETROL LADEN
2.0 32 .0 14 55 FORD KINBUS FETROL LADEN
2.0 35.2 13 55 FORD KINBUS PETROL LADEN
2.0 38.4 12 55 FORD KINBUS PETROL LADEN
2.0 41.6 12 55 FORD KINBUS PETROL LADEN
2.C 44.0 11 55 FORD KINBUS PETROL LADEN
2.0 48.2 11 55 FORD XIKBUS PETROL LADEN
2.0 51.5 11 55 1 FORD KINBUS PETRCL LADEN
2.0 54.7 10 55 FORD KINBUS PETROL LADEN
2.0 57.9 11 55 4 FORD KINBUS PETROL LADEN
2.0 61.1 11 55 FORD KINBUS PETROL LADEN
2.0 64.3 12 55 FORD KINBUS PETROL LADEN
2.0 67.5 1C 55 FORD KIKBUS PETROL LADEN
2.0 70.8 11 55 FORD KINBUS PETROL LADEN.
2.0 74.0 11 55 1 FORD KIKBUS PETROL LADEN
2.0 77.2 11 55 .1 FORD KINBUS PETROL LADEN
2.0 80.5 12 55 FORD KINBUS PETROL LADEN
2.0 83-7 13 55 1 FORD KINBUS PETROL LADEN
GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP Source
5-0 9.6 26 115 FORD PARCELS VAN EMPTY
5.0 12.0 23 115 1 FORD PARCELS VAN EMPTY
5.0 16.1 19 115 •j FORD PARCELS VAN EMPTY
5.0 19-2- 20 115 1 FORD PARCELS VAN EMPTY
5.0 19*2 22 115 FORD PARCELS VAN EMPTY
5.0 25.6 19 115 FORD PARCELS VAN EMPTY
5.0 28.8 17 115 1 FORD PARCELS VAN EMPTY
5.0 32.0 19 115 1 FORD PARCELS VAN EMPTY
5.0 35-2 16 115 1 FORD PARCELS VAN EMPTY
5.0 38.4 18 115 1 FORD PARCELS VAN EMPTY
5.0 4,1.6 20 115 FORD PARCELS VAN EMPTY
5.0 44.8 16 115 FORD PARCELS VAN EMPTY
5.0 ‘ 48.2 16 115 1 FORD PARCELS VAN EMPTY
5.0 51.5 17 115 1 FORD PARCELS VAN EMPTY
5.0 54-7 17 115 1 FORD PARCELS VAN EMPTY
5.0 57.9 18 115 1 FORD PARCELS VAN EMPTY
5.0 64-3 18 115 1 FORD PARCELS VAN EMPTY
' 5.0 67.5 22 115 1 FCRD PARCELS VAN EMPTY
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cvw Speed Fuel Power Place
in in in in or
Tonne kph cc RHP Source
7.4 9-6 77 125 1 LEYLAND 12T ARTICULATED 'EMPTY
7.4 12. C 32 125 1 LEYLAND 12T ARTICULATED EMPTY
7.4 16.1 31 125. 1 LEYLAND 12T ARTICULATED EMPTY
7.4. 19-2 28 125 LEYLAND 12T ARTICULATED EMPTY
7-4 19-2 31 125 1 LEYLAND 12T ARTICULATED EMPTY
7.4 25.6 29 125 LEYLAND 12T ARTICULATED EMPTY
7.4 28.8 23 125 1 LEYLAND 12T ARTICULATED EMPTY
7.4 52.C 22 125 1 LEYLAND 12T ARTICULATED EMPTY
7.4 35.2 22 125 LEYLAND 12T ARTICULATED .EMPTY
7.4 38.4 17 125 LEYLAND 12T ARTICULATED EMPTY
7.4 41.6 21 125- LEYLAND 12T ARTICULATED EMPTY
7.4 44.8 19 125. 1 LEYLAND 12T ARTICULATED EMPTY
7.4 48.2 19 125 . 1 LEYLAND 12T ARTICULATED EMPTY
7.4 51.5 20 125 LEYLAND 12T ARTICULATED EMPTY
7.4 54.7 19 125 LEYLAND 12T ARTICULATED EMPTY
7.4 57.9 20 125 LEYLAND 12T ARTICULATED EMPTY
7.4 61.1 19 125 1 LEYLAND 12T ARTICULATED EMPTY
7.4 64-3 19 125 1 LEYLAND 12T ARTICULATED EMPTY
7.4 67.5 23 125 LEYLAND 12T ARTICULATED EMPTY
7.4 70.8 26 125 1 LEYLAND 12T ARTICULATED EMPTY
GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP Source
9.1 9.6 43 179 1 AEC MANDATOR 22T EMPTY
9.1 12.0 48 179 AEC MANDATOR 22T EMPTY
9.1 16.1 40 179 1 AEC MANDATOR 22T EMPTY
9.1 19-2 35 179 AEC MANDATOR 22T EMPTY
9-1 25.6 32 179 1 AEC MANDATOR 22T EMPTY
9.1 28.8 31 179 1 AEC MANDATOR 22T EMPTY
9-1 , 32.0 26 179 AEC MANDATOR 22T EMPTY
9.1 35.2 29 179 1 AEC MANDATOR 22T EMPTY
9.1 38.4 33 179 AEC MANDATOR 22T EMPTY
9.1 41.6 26 179 AEC MANDATOR 22T EMPTY
9.1 44.8 26 179 AEC MANDATOR 22T EMPTY
9.1 48.2’ 26 179 AEC MANDATOR 22T EMPTY
9.1 51.5 28 179 1 AEC MANDATOR 22T EMPTY
9.1 54.7 24 179 '1 AEC MANDATOR 22T EMPTY
9.1 57.9 30 179 AEC MANDATOR 22T EMPTY
9.1 61.1 27 179 1 AEC MANDATOR 22T EMPTY
9.1 64.3 23 179 1 AEC MANDATOR 22T EMPTY
9.1 67.5 27 179 1 AEC MANDATOR 22T EMPTY
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GVW Speed Fuel Power Place
in in in in or
Tonne . kph cc BHP Source
10.4 9-6 43 115 FORD PARCELS VAN LADEN
10.4 12.0 34 115 FORD PARCELS VAN LADEN
10.4 - 16.1 35 115 1 FORD PARCELS VAN LADEN
10.4 19.2 35 115 1 FORD PARCELS VAN LADEN
10.4 22.4 32 115 FORD PARCELS VAN LADEN
10.4 25-6 32 115 FORD PARCELS VAN LADEN
10.4 28.6 32 115 FORD PARCELS VAN LADEN
10.4 32.0 30 115 FORD PARCELS VAN LADEN
10.4 35-2 29 115 FORD PARCELS VAN LADEN
10.4 38.4 24 115 FCRD PARCELS VAN LADEN
10.4 41.6 24 115 FORD PARCELS VAN LADEN
10.4 44.8 25 115 1 FORD PARCELS VAN LADEN
10.4 48.2 24 115 1 FORD PARCELS VAN LADEN
10.4 51.5 24 115 FORD PARCELS VAN LADEN
10.4 54.7 24 115 FORD PARCELS VAN LADEN
10.4 57.9 45 115 1 FORD PARCELS VAN LADEN
10.4 61.1 35 115 FORD PARCELS VAN LADEN
GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP Source
20.2 6.4 71 125 LEYLAND 12T ARTICULATED LADEN
20.2 9.6 58 125 LEYLAND 12T ARTICULATED LADEN
20.2 12.0 49 125 1 LEYLAND 12T ARTICULATED LADEN
20.2 1 1 53 125 1 LEYLAND 12T ARTICULATED LADEN
20.2 19.2 49 125 LEYLAND 12T ARTICULATED LADEN
20.2 22.4 51 125 1 LEYLAND 12T ARTICULATED LADEN
20.2 25.6 41 125 1 LEYLAND 12T ARTICULATED LADEN
20.2 32.0 33 125 1 LEYLAND 12T ARTICULATED LADEN
20.2 35.2 55 125 1 LEYLAND 12T ARTICULATED LADEN
20.2 38.4 36 125 LEYLAND 12T ARTICULATED LADEN
20.2 41.6 33 125 LEYLAND 12T ARTICULATED LADEN
20.2 44.8 33 125 1 LEYLAND 12T ARTICULATED LADEN
20.2 48.2 30 125 1 LEYLAND 12T ARTICULATED LADEN
20.2 51.5 27 125 LEYLAND 12T ARTICULATED LADEN
20.2 54.7 25 125 LEYLAND 12T ARTICULATED LADEN
20.2 57.9 25 125 LEYLAND 12T ARTICULATED LADEN
20.2 61.1 42 125 1 LEYLAND 12T ARTICULATED LADEN
20.2 64.C 25 125 LEYLAND 12T ARTICULATED LADEN
20.2 67.2 25 125 1 LEYLAND 12T ARTICULATED LADEN
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GVW Speed Fuel Power Place
■ 1
in in in in or
Tonne kph cc BHP Source
29-4 12.0 69 179 AEC MANDATOR 22 TON ARTICULATED LADEN
29-4 16.1 66 179 AEC MANDATOR 22 TON ARTICULATED LADEN
29-4 19.2 62 179 1 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 22.4 57 179 1 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 25.6 64 179 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 28.6 56 . 179 1 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 22.0 43 179 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 35-2 55 179 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 38.4 46 179 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 41.6 52 179 1 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 44.8 47 179 1 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 48.2 38 179 AEC MANDATOR 22 TOM ARTICULATED LADEN
29.4 51.5 40 179 1 AEC MANDATOR 22 TOM ARTICULATED LADEN
29.4 54.7 38 179 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 57.9 37 179 AEC MANDATOR 22 TON ARTICULATED LADEN
29.4 61.1 43 179 AEC MANDATOR 22 TON ARTICULATED LADEN
GVW Speed Fuel Power Place
• ' . ^
in in in in or
Tonne kph cc BHP Source
14.1 27.2 40 350 29 FODEK 6x2 ARTIC. & FLATBED TRAILER
14.1 40.7 32 350 29 FODEN 6x2 ARTIC. & FLATBED TRAILER
14.1 40.9 26 350 2 FODEN 6x2 ARTIC. <5 FLATBED TRAILER
14.1 46.1 39 350 28 FODEN 6x2 ARTIC. & FLATBED TRAILER
14.1 56.1 28 350 2 FODEN 6x2 ARTIC. & FLATBED TRAILER
14.1 56.1 27 350 2 FODEN 6x2 ARTIC. & FLATBED TRAILER
14.1 63.O 31 350 2 FODEN 6x2 ARTIC. & FLATBED TRAILER
14.1 40.3 32 350 28 FODEN 6x2 ARTIC. a FLATBED TRAILER
14.1 58.7 28 350 28 FODEK 6x2 ARTIC. a FLATBED TRAILER
14.1 64 .8 31 > 350 2 FODEN 6x2 ARTIC. a FLATBED TRAILER
14.1 47.9 30 350 28 FODEN 6x2 ARTIC. a FLATBED TRAILER
25.1 68.8 33 350 2 FODEN 6x2 ARTIC. a FLATBED TRAILER
25.1 38.2 56 350 28 FODEN 6x2 ARTIC. a FLATBED TRAILER
25.1 52.4 39 350 2 FODEN 6x2 ARTIC. a FLATBED TRAILER
25.1 53.6 35 350 2 FODEN 6x2 ARTIC. a FLATBED TRAILER
25.1 61.9 37 350 2
t
FODEN 6x2 ARTIC. a FLATBED TRAILER
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GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP Source
25.1 48.2 35 350 28 FOBEH 6x2 ARTIC. a FLATBED TRAILER
25.1 49.7 40 350 28 FODEN- 6x2 ARTIC. a FLATEED TRAILER
25.1 64.8 40 350 2 FODEN 6x2 ARTIC. a FLATBED TRAILER
25.1 48.9 39 350 28 FODEN 6x2 ARTIC. a FLATBED TRAILER
32.5 29-9 61 35C 29 FODEN 6x2 ARTIC. a FLATBED TRAILER
32.5 . 40.7 50 350 29 FODEK 6x2 ARTIC. a FLATBED TRAILER
32.5 68.4 35 350 2 FODEN 6x2 ARTIC. a FLATBED TRAILER
32.5 36.5 64 350 28 FODEN 6x2 ARTIC. a FLATBED TRAILER
32.5 57.2 38 350 2 FODEN 6x2 ARTIC. a FLATBED TRAILER
32.5 50.4 40 350 2 FODEN 6x2 ARTIC. a. FLATBED TRAILER
32.5 55-4 47 350 . 2 FODEN 6x2 ARTIC. a FLATBED TRAILER
32.5 43.2 48 350 28 FODEN 6x2 ARTIC. a FLATBED TRAILER
32.5 51.1 50 350 28 FODEN 6x2 ARTIC. a FLATBED TRAILER
32.5 ‘61.6 50 350 2 FCDEN 6x2 ARTIC. a FLATBED TRAILER
32.5 46.8 44 350 28 FODEN 6x2 ARTIC. a FLATBED TRAILER
GVW Speed Fuel Power Place
in in in in or
Tonne kph cc . BHP Source
12.8 47.8 23 205 3 AEC MAMMOTH 760
12.8 57.4 30 205 4 AEC MAMMOTH 760
19.6 46.5 27 205 *2 AEC MAMMOTH 760
19.6 55.7. 34 205 4 AEC MAMMOTH 760
26.5 44.5 30 205 AEC MAMMOTH 760
26.5 • 53.0 39 205 4 AEC MAMMOTH 760
32.5 41.7 35 205 3 AEC MAMMOTH 76C
32.5 49-4 43 205 4 AEC MAMMOTH 760
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GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BliF Source
33.5 59.0 43 209 50 LEYLAND CRUISER
32.0 59.3 '42 209 51 LEYLAND CRUISER 16.217
14.3 37.3 32 170 54 LEYLAND NATIONAL 2
13.6 69.8 23 .. 245 51 LEYLAND TICEP. 245 ZF
32.0 60.9^ J2 - 237 51 MAN 16.240 FTN
■7.4 62.2 15 136 52 MAN HT 8.136
14.1 74.1 31 280 51 MAN SR280
37.4 64.2 44 276 51 MAN 16.280 FTS
37.4 68.5 38 375 52 MECEDES 1638
32.0 63.0 43 276 52 MERCEDES 1628
32.0 63-5 39 247 51 MERCEDES 1625 S
13.6 70.0 . 27 280 51 MERCEDES 0303 COACH
7.4 60.8 16 90 56 RENAULT JK 75
3C.0 40.1 48 230 55 FODEN S 108
32.0 67-9 37 290 51 FODEN FLEETMASTER S10
32.0 65.0 38 232 51 FCDEN FLEETMASTER (NT240)
38.9 61.1 42 276 51 FODEN FLEETMASTER
32.0 67.7 42 280 51 SCANIA P112 MA4x2RS
16.b 59.2 26 161 56 SCANIA LB1H58
16.0 6O.4 27 161 56 SCANIA P82 K 4x2RN
• GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP Source
39.5 63.4 50 394 50 BEDFORD TM3250
37.4 67.8 43 352 51 BEDFORD TK 4400
12.3 61.9 19 128 56 BEDFORD TL 1260
7.4 56.7 17 72 56 BEDFORD TL 750
13.1 76.3 27 230 51 BOVA COACH
39.3 61.6 45 307 50 DAF FT 2800 DKS
32.0 66.4 36 246 51 DAF FT 2800 DKSE
32.0 68.1 41 330 51 DAF FT 3300 DKX
32.0 57.9 37 230 51 DAF 2300 DHU
11.5 75.4 27 • 251 51 DAF MB 200 DKTL
32.0 . 65.6 37 244 51 DAF 2500 DHS
32.0 65.8 37 265 51 DENNISON 4x2 TU
29-9 41.8 50 265 55 DENNISON 8x4 TIPPER
7.4 64.2 16 116 56 DODGE R1 G08
26.0 62.1 38 170 51 DODGE G26P
32.0 64.7 41 266 51 DODGE C 38T
16.0 59.3 21 148 56 DODGE R1 G16
16.0 41.9 28 148 55 DODGE R1 G16
29.2 35-6 53 261 55 ERF 31R4
32.0 67.7 40 245 51 ERF 35C.2LT.SB0
PAGE A6.8
GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BMP Source
37.2 67.8 42 284 51 ERF 40 R2 (C)
39-5 64.7 45 315 50 FORD HA 4432
12.8 59.7 1 £ 150 56 FORD CARGO 1314
16.0 62.4 22 148 56 FORD CARCO 1615
32.0 60.9 38 201 51 FORD CARGO 3220 (D)
16.0 56.8 26 170 56 HESTAIR DENNIS DELTA 1618 G
14.9 26.0 35 185 54 HE5TAIR DENNIS DOKINATOR BUS
16.0 62.4 24 155 56 HESTAIR DENNIS DELTA 1616
32.0 ‘ 63.2 45 243 51 HINO HE 336E
32.0 65.6 42 299 51 IVECO 170 F30T
37.4 63.7 42 299 51 IVECO 170 F3CT
32.0 66.1 41 276 51 IVECO 190.29
32.0 61.3 38 237 51 IVECO IVECO
7.4 61.3 19 109 56 LEYLAND TERRIER 738
24.2 40.3 41 209 55 LEYLAND CONSTRUCTOR
32.0 66.0 37 270 ■ 51 LEYLAND 745 ROADTRAIK 16.28
24.0 37.3 43 150 55 LEYLAND RIEVER 2RE 4124DT
30.0 39.2 55 209 55 LEYLAND CONSTRUCTOR 8x4
37.5 64.6 44 270 50 LEYLAND ROADTRAIN
32.0 66.3 39 272 51 LEYLAND ROADTRAIN 16.28 SLEEPER
GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP Source
29-8 36.1 50 231 55 SCANIA P82 H8x4 RSi
14.9 26.4 43 190 54 SCANIA ER112 DH
32.0 66.5 41 305 51 SCANIA R112 HA
32.0 63.4 40 231 51 SCANIA P82MA RSi
32 .0 65-9 39 241 51 SEDDON ATKINSON 301 T 17L25
32.0 62.1 39 258 51 SEDDON ATKINSON 401 T17 G26
37.4 65.3 42 281 51 SEDDON ATKINSON 401 T17 R29
32.0 63.8 38 231 51 SEDDON ATKINSON T36 C250T
31.6 63.9 41 265 50 SEDDON ATKINSON T36 R265(2 years old)
32.0 66.0 41 274 51 SEDDON ATKINSON 401 T17 C29
30.0 38.9 56 214 55 SEDDON ATKINSON 300 8x4
32.0 64.7 39 ’ 281 51 SEDDON ATKINSON 401 T17 R29
37.4 64.4 40 287 51 SEDDON ATKINSON 401 T17 G30
10.6 24.5 39 201 54. VOLVO B55 BUS
14.4 56.4 32 230 52 VOLVO B1CM
39.5 63.8 45 326 50 VOLVO F12 GLOBETROTTER
24.0 38.3 37 202 55 VOLVO F7 6x4
30.0 38.3 45 224 c r , VOLVO F7 8x4
16.0 59-7 23 172 56 VOLVO F816
24.0 37.5 37 202 55 VOLVO F7 6X4
37.4 67.3 41 304 51 VOLVO F122C .
32.0 66.9 38 257 51 VOLVO F1017
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GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP , Source
32.5 78.6 41 280 ' 6 SCAHIA PI 12 KA
32.5 83-9 38 280 6 SCANIA P112 KA
32.5 65*6 44 280 6 SCANIA P112 KA
32.5 55-3 44 280 6 SCANIA P112 KA
32.5 49.3 54 280 6 SCANIA P112 HA
32.5 66.5 35 ‘ 280 ■ 6 ' SCAMIA P112 KA
32.5 65.8 40 280 6 SCANIA PI 12 HA
32.5 77.8 35 244 6 DAF FT 2500 D1IS
32.5 80.7 37 244 6 DAF FT 2500 DHS
32.5 65.6 35 244 6 DAF FT 2500 DHS
32.5 52.5 40 244 6 DAF FT 25CO DHS
32.5 46.2 51 244 6 DAF FT 2500 DHS
32.5 64.0 . 34 244 6 DAF FT 2500 DHS
32.5 80.7 33 244 6 DAF FT 2500 DHS
32.5 79.5 37 272 6 LEYLAND T45 RT 16.28
32.5 82.8 38 272 6 LEYLAND T45 RT 16.28
32.5 65.6 35 272 6 LEYLAND T45 RT 16.28
32.5 65-5 40 272 6 LEYLAND T45 RT 16.28
32.5 84.3 44 272 6 . LEYLAND T45 RT 16.28
GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP Source
7.4 76.2 17 72 6 BEDFORD TL 750
7.4 52.3 17 72 6 BEDFORD TL 750
14.1 103-0 28 245 6 LEYLAND TIGER 245 ZF
14.1 79-0 18 245 6 LEYLAND TIGER 245 ZF
14.1 62.0 27 245 6 LEYLAND TIGER 245 ZF
14.1 104.0 27 245 6 LEYLAND TIGER 245 ZF
14.1 78.0 19 245 6 LEYLAND TIGER-245 ZF
38.0 77.8 41 276 6 MAN 38 T
38.0 82.9 42 276 6 KAN 38 T
38.0 62.8 40 276 6 KAN 38 T
38.0 49.9 46 276 6 MAN 38 T
38.0 45.0 50 276 6 KAN 38 T
38.0 62.1 42 276 6 MAN 38 T
38.0 79-3 45 276 6 KAN 38 T
15.1 96.5 27 245 6 LEYLAND TIGER 245
15.1 83-5 21 245 6 LEYLAND TICER 245
15.1 90.5 28 245 6 LEYLAND TIGER 245
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GVW Speed Fuel Po we r Place
in
Tonne
in
kph
in
cc
in
BHP
or
Source
58.0 79.9 40 326 6 KB 1633 8
56.0 35.0 39 326 6 KB 1633 S
38.0 65-0 38 . 326 6 KB 1633 S
38.0 53-9 43 326 6 KB 1633 S
38.0 50.7 56 326 6 KB .1633 S
38.0 66.0 38 326 6 HE 1633 S
58.0 85.0 44 326 6 KB 1633 S
38.0 80.5 39 777, 6 SCANIA R112 MA RC
38.0 87.3 39 333 : 6 SCANIA R112 KA RC
38.G 65.0 37 ■7 *2; *7 6 SCANIA R112 MA RC
38.0 55.3 42 333 6 SCANIA R112 HA RC
38.0 51.8 54 333 6 SCANIA R112 MA RC
38.0 64.5 36 333 6 SCANIA R112 KA RC
38.0 85.1 39 333 6 SCANIA R112 KA RC
32.5 74.6 36 201 6 FORD CARGO 3220 D
32.5 75.0 37 201 6. FORD CARGO 3220 D
32.5 62.2 XXS S 201 6 FORD CARGO 3220 D
32.5 45.4 41 201 6 FORD CARGO 3220 D
32.5 40.6 55 201 6 FORD CARGO 3220 D
32.5 60.7 34 201 6 FORD CARGO 3220 D
32.5 71.9 39 201 6 FORD CARGO 3220 D
GVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP Source
38.0 77.0 35 287 6 SEDDON ATKINSON 401 T17 G30
38.0 78.7 42 287 6 SEDDON ATKINSON 401 T17 G30 .
38.0 63-3 41 287 6 SEDDON ATKINSON 401 T17 G30
38.0 49-9 43 287 6 SEDDON ATKINSON 401 T17 G30
38.0 43-8 35 287 6 SEDDON ATKINSON 401 T17 G30
38.0 63-5 37 287 6 SEDDON ATKINSON 401 T17 G30
38.0 80.0 37 287 6 SEDDON ATKINSON 401 T17 G30
15.4 : 92.7 58 256 6 COACH MAN. NOT CERTAIN..BOVA?
15.4 95.0 34 256 6 COACH KAN. NOT CERTAIN..BOVA?
15.4 61.8 36 ; 256 6 COACH MAN. NOT CERTAIN..BOVA?
15.4 77.9 40 256 6 COACH MAN. NOT CERTAIN..BOVA?
32.5 76.2 37 241 6 SEDDON ATKINSON 301 T17 L25
3;-5 76.7 40 241 6 SEDDON ATKINSON 301 T17 L25
32.5 64.9 34 241 6 SEDDON ATKINSON 301 T17 L25
32.5 52.5 39 241 6 SEDDON ATKINSON 301 T17 L25
32.5 47.4 52 241 6 SEDDON ATKINSON 301 T17 L25
32.5 63-5 39 241 6 SEDDON ATKINSON 301 T17 L25
32.5 60.7 40 ' 241 6 SEDDON ATKINSON 301 T17 L25
16.3 80.6 26 180 6 DENNIS DELTA
16.3 51.2 26 180 6 DENNIS DELTA
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GVW Speed Fuel Power Place
-
in in in in or
Tonne kph cc BHP Source
30.5 38.0 47 190 rrt 30.5T 4AXLE TIPPER KAN. NOT KNOWN
30.5 58.0 36 190 7 30.5T 4AXLE TIPPER KAN. NOT KNOWN
30.5 29.0 98 190 *7t 30.5T 4 AXLE TIPPER HAN. NOT KNOWN
30.5 58.0 35 190 7 30.5T 4AXLE TIPPER KAN. MOT KNOWN
30.5 41 .0 75 190 7 30.5? 4AXLE TIPPER MAN. NOT KNOWN
30.5 56 .0 60 190 7 3C.5T 4AXLE TIPPER MAN.' NOT KNOWN
30.5 32.0 54 190 7 30.5T 4AXLE TIPPER MAN. NOT KNOWN
30.5 62.0 38 190 7 30.5T 4AXLE TIPPER KAN. NOT KNOWN
30.5 40.0 72 190 7 30.5T 4AXLE TIPPER MAN. NOT KNOWN
30.5 63.0 47 190 7 30.5T 4AXLE TIPPER HAN. NOT KNOWN
30.5 48.0 17 190 7 30.5T 4AXLE TIPPER MAN. NOT KNOWN
30.5 3 2 .0 93 190 7 30.5T 4AXLE TIPPER KAN. NOT KNOWN
30.5 65.0 40 190 7 30.5T 4AXLE TIPPER KAN. NOT KNOWN
3C.5 64 .0 51 190 7 30.5T 4AXLE TIPPER KAN. NOT KNOWN
30.5 6 8 .0 38 190 7 ■30.5T 4AXLE TIPPER KAN. NOT KNOWN
30.5 41.0 52 190 7 30.5T 4AXLE TIPPER HAN. NOT KNOWN
30.5 54.0 55 190 7 30.5T 4AXLE TIPPER HAN. NOT KNOWN
30.5 2 2 .0 67 190 7 30.5T 4AXLE TIPPER MAN. NOT KNOWN
30.5 5 0 .0 39 190 7 30.5T 4AXLE TIPPER HAN. NOT KNOWN
30.5 32 .0 90 190 7 30.5T 4AXLE TIPPER MAN. NOT -KNOWN
30.5 69-0 45. 190 7 30.5T 4AXLE TIPPER MAN. NOT KNOWN
CVW Speed Fuel Power Place
in in in in or
Tonne kph cc BHP Source
30.5 62.0 37. 190 7 30.5T 4AXLE. TIPPER MAN. NOT KNOWN
30.5 38 .0 77 190 . 7 30.5T 4AXLE TIPPER. MAN. NOT KNOWN
30.5 36 .0 71 190 7 30.5T 4AXLE TIPPER MAN. NOT KNOWN
30.5 47.0 28 190 7 30.5T 4AXLE TIPPER KAN. NOT KNOWN
30.5 16.0 92 190 7 30.5T 4AXLE TIPPER KAN. NOT KNOWN
26.7 * 49.2 42 320 8 FCDEN*ROLLS ROYCE QUIET H V
33.6 42.0 50 520 8 FOI>EN*ROLLS ROYCE QUIET H V
13.3 58 .0 39 320 8 FODEN*ROLLS ROYCE QUIET H V
18.4 55.0 43 320 8 FODEN*ROLLS ROYCE QUIET H V
13.3 60.8 38 320 8 FODEN*ROLLS ROYCE QUIET H V
11.5 38.4 41 320 8 FODEN*ROLLS ROYCE. QUIET H V
12.5 46.5 34 320 8 FODEN*ROLLS ROYCE QUIET H V
31.8 31.3 54 320 8 FODEN*ROLLS ROYCE QUIET H V
30.6 46.0 48 320 8 FODEN*P.OLLS ROYCE QUIET H V
13.3 42.8 45 320 8 FODEN*ROLLS ROYCE QUIET H V
19.4 50 .2 39 320 8 FODEN*ROLLS ROYCE QUIET H V
PAGE A6.12
GVW Speed Fuel Power Place
in in in in or
— Tonne kph cc BHP Source
13-3 55.6 42 320 8 FCDEN*R0LL8 ROYCE QUIET H V
19*6 66.2 35 320 8 FODEN*ROLLS ROYCE QUIET H V
21.6 44.0 49 320 8 F0DEN*R0LLS ROYCE QUIET H V
11.5 38.9 33- 320 6 FODEH*ROLLS ROYCE QUIET H V
29.6 42 47 320 8 FODEH*ROLLS ROYCE QUIET H V
29.8 69.4 47 320 8 fode?:*rolls royce QUIET H V
11.5 68.4 36 320 8 FODEN*ROLLS ROYCE QUIET H V
14.1 32.1 37.1 350 9 FODEK 32T ARTIC
14.1 34.0 35.2 350 9 FODEK 32T ARTIC
32.5 34.6 54.4 350 9 FODEK 32T ARTIC
32.5 33.8 55.9 350 9 FODEN 32T ARTIC
14.1 59.2 28.2 350 10 FODEK 32T ARTIC
14.1 58.3 28.0 350 10 FODEN 32T ARTIC
32.5 54.0 41.2 350 . 10 FODEN 32T ARTIC
32.5 55.2 41.9 350 10 FODEN 32T ARTIC
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CHAPTER 7
APPENDIX 7.1
DEFINITION OF LABELS IN APPENDIX 7,1
Run, Turn Reference numbers co data
Disc Distance between markers m
JT Journey time between markers sec
cc Fuel used between markers cc
KE KE loss in metres squared/second squared.
Prey Number of vehicles taking
priority over test vehicle cars
Q Number of queueing vehicles in
survey car lane cars
Va Modal value of approach speed over 
last 5 sec of steady speed kph
Vm Minimum speed during turn kph
Vd Modal value of departure speed over 
first 5 sec of steady speed kph
Dec Deceleration for peak 3 seconds m/sec/sec
Acc Acceleration for peak 3 seconds m/sec/sec
Ind Distance from first marker to
give way line m
M t, R@ Reference numbers to data
Exit Number of exit taken Left turn
is 1 etc number
NPN • Exit/no of possible exits number
Angle Defl Deflection angle degrees
Angle Turn Total angle turned through by 
survey car, irrespective of sign
degrees
Grade App Approach gradient percent
Grade Dep Departure gradient percent
Diameter dia central island diameter m
Diameter Insc inscribed circle diameter m
R@Jd actual disatnce on roundabout m
Tdist distance via IP from start to 
end of R@Jd
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Consumption at Roundabouts
GEOMETRIC DELAY AND CONSUMPTION AT ROUNDABOUTS.
APPENDIX7.2 LIST OF VARIABLES CONSIDERED.
The following variables were used in the evaluation of the 
fuel consumption data.
VARIABLE LABLE DESCRIPTION UNIT
RUN DATACOLLECTION RUN REF NO -
TURN DATA COLLECTION TURN REF NO
DIST DISTANCE BETW SURVEY TIMING POINTS m
JT TIME BETWEEN TPS OVER DIST sec
CC FUEL CONSUMED IN RUN OVER DIST cc
KE KINETIC EN LOST OVER DIST m’Vsec"
PRIV NO OF VEH ON R@ GIVEN PRIORITY BY TEST CAR -
QV NO OF VEH FROM Q ENTERING AHEAD OF TEST CAR -
APV APPROACH SPEED kph
MINV MINIMUM SPEED kph
DEPV DEPARTURE SPEED kph
DEC MAXIMUM 3 SEC DECELERATION m/sec"
ACC MAXIMUM 3 SEC ACCELERATION m/sec"
INDIST DISTANCE FROM TPl TO GIVE WAY LINE m
RA ROUNDABOUT REF NO
EXIT EXIT NO IE N OF POSS EXITS PASSED + 1
NPN EXIT DIVIDED BY SIGMA POSS EXITS
DEFL DEFLECTION BETW APP and DEP TANGENTS degrees
ANG TOTAL ANGLE TURNED ON R@ ROADWAY degrees
DGRD GRADIENT ON DEPARTURE ROAD FROM R@ percent
RDIA DIAMETER CENTRAL ISLAND m
INDIA DIAMETER OF INSCRIBED CIRCLE M m
ACDIST ACTUAL DIST ON R@ ROADWAY m
TDIST DISTANCE VIA IP FROM ST TO END OF ACDIST m
DISTAN DISTANCE BETW SURVEY PTS VIA IP m
WIDTH MEAN CWAY WDTH (INDIA - RDIA)/2 m
SPDIFF MEAN APPR andDEP SPEED LESS MINV KPH kph
KESQ SQUARE OF KE m"'Vsec""
CRUDEKE KE OF MAIN DECELERATION TO MINV nT/sec"
BENDY BENDINESS INDEX ANGLE BY ACDIST degrees/m
XSXS EXCESS FC ALLOWING FOR DELAY#IDLE CCS cc
TANCC FUEL PREDICTED VIA IP AT APV and DEPV cc
JDCC CC PREDICTED ON ACTUAL RTE AT APV and DEPV cc
Cont.__
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xscc FUEL ON ACTUAL RUN MINUS TANCC cc
SPCHANGE MEAN ARR and DEP SPEED LESS MINV kph
JDXSCC FUEL ON ACTUAL RUN MINUS JDCC cc
XSDIST DIST ON RUN MINUS DIST VIA IP m
TANIN DIST FROM TP1 TO IP M m
TANOUT DIST FROM IP TO TP2 M . m
ATANCC CCS PRED ON APPR TP1 TO IP @APV cc
DTANCC CCS PRED ON DEPART IP TO TP2 @DEPV cc
APCC PRED CC ON APP TP1 TO GIVWY @APV cc
DPCC PRED CC ON DEP GIVWY TO TP2 @DEPV cc
DELTAN JT LESS TIME VIA IP IN @ APV OUT @ DEPV sec
DELAC JT LESS TIME @ APV TO GIVWY and DEPV AFTER sec
MEANV MEAN OF ARR and DEP SPEEDS kph
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APPENDIX 7.3
Description of data in Appendix 7.4 and 
variables derived for computing queue consumption.
REF,REFERENCE NUMBER FOR TPS 
ROAD,REF TO ROAD LENGTHS 
DIST,DISTANCE IN M
E X P T , EXPECTED JOURNEY TIME IN SEC
JT, JOURNEY TIME IN SEC
ST,STOPPED TIME SEC
NS, NUMBER OF STOPS
S T P F ,FUEL USED WHEN STOPPED IN CC
CC, FUEL USED IN CC
EXPF,EXPECTED FUEL FROM Q-LESS RUN
GRADE, GRADIENT IN PERCENT PLUS IS UPHILL
KE, KINETIC ENGY LOSS IN MSQ PER SECSQ
ADELAY, DELAY WHEN COMPARED TO FREE RUN SEC
EDELAY,ESTIMATED DELAY CF 50 KPH SEC
A X S C C ,XS FUEL WHEN COMPARED WITH FREE RUN CC
XSCC,XS FUEL WHEN CF 50 KPH RUN CC
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CONSUMPTION IN ROUNDABOUT QUEUES
REF DIST JT EXPT NS ST STPF CC EXPF GRADE KE ROAD
A069 49 19 06 0 0 0 19 02 -0.80 032 70
A072 165 126 10 7 28 5 52 18 -3.08 023 20
A073 38 25 02. 0 0 0 7 02 -1.05 004 30
AQ74 143 87 09 1 19 2 51 12 -0.31 015 40
AO 7 5 275 112 16 2 3 0 68 31 0.70 066 50
A07 6 58 19 04 0 0 0 15 04 0.24 013 60
A077 50 26 06 3 9 0 17 02 -0.80 028 70
A083 162 1 6 10 10 51 17 68 18 -3.08 028 20
A084 37 54 02 5 16 2 16 02 -1.05 007 30
' A O  8 5 146 98 09 3 9 1 55 12 -0.31 028 40
AO 8 6 271 114 16 2 14 8 74 31 0.70 055 50
A087 59 18 04 0 0 0 17 04 0.24 014 60
A088 51 23 06 3 7 1 13 02 -0.80 036 70
A094 179 162 09 7 21 5 69 12 -0.31 033 40
A095 281 94 16 2 26 1 70 31 0.70 075 50
A096 53 20 04 0 0 0 9 04 0.24 037 60
A097 51 31 06 1 7 0 22 02 -0.80 015 70
A103 54 17 3 0 0 0 9 05 -3.08 005 20
A104 35 10 2 0 0 0 5 02 -1.05 014 30
A105 147 35 9 0 0 0 22 12 -0.31 019 40
A106 278 43 16 0 0 0 46 31 0.70 030 50
AI07 52 10 4 0 0 0 11 02 -0.80 025 60
A108 54 11 6 0 0 0 11 02 -0.80 025 70
A117 149 36 9 0 0 0 26 17 0.70 019 50
A118 58 8 .4 0 0 0 11 04 0.2 4 000 60
A119 49 6 6 0 0 0 6 02 -0.80 018 7 0
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CONSUMPTION IN ROUNDABOUT QUEUES
REF DIST JT EXPT NS ST STPF CC EXPF GRADE KE ROAD
AO 15 27 12 01 0 0 0 7 01 -1.05 004 30
AO 16 144 56 09 0 0 0 30 12 -0.31 022 40
AO 17 273 149 16 2 6 0 84 31 0.70 042 50
AO 18 62 18 04 0 0 0 14 04 0.24 007 60
A019 51 8 06 0 0 0 14 02 -0.8 0 021 70
A023 177 61 10 1 3 0 36 18 -3.08 040 20
A024 32 13 02 1 1 0 8 02 -1.05 042 30
A025 145 86 09 4 6 0 43 12 -0.31 026 40
AO 2 6 274 91 16 2 7 2 65 31 0.70 060 50
.. AO 2 7 57 13 04 0 0 0 13 04 0.24 030 60
AO 2 8 51 10 06 0 0 0 11 02 -0.80 007 70
A036 88 23 06 0 0 0 14 08 -0.31 Oil 40
AO 3 7 271 115 16 2 3 1 68 31 0.70 066 50
A038 60 35 04 0 0 0 24 04 0.24 012 60
A039 55 13 06 0 0 0 12 02 -0.80 006 70
AO 4 4 48 23 04 0 0 0 12 05 -3.08 013 20
A045 38 13 02 0 0 0 6 02 -1.05 004 30
A046 141 108 09 3 26 6 50 12 -0.31 041 40
A047 276 57 16 0 0 0 47 31 0.70 039 50
A048 60 12 04 0 0 0 9 04 0.24 014 60
A049 49 8 06 0 0 0 9 02 -0.80 014 70
AO 5 4 62 78 05 05 19 3 31 08 -3.08 013 20
A055 37 22 02 0 0 0 11 02 -1.05 010 30
A056 142 112 09 2 7 2 51 12 -0.31 040 40
A057 278 99 16 1 16 4 71 31 0.70 064 50
A058 54 24 04 0 0 0 9 04 0.24 025 60
AO 5 9 51 22 06 1 3 0 22 02 -0.80 043 70
A064 172 125 10 5 26 4 53 18 -3 .08 037 20
AO 6 5 38 49 02 3 13 1 19 02 -1.05 008 30
A066 143 133 09 6 29 8 57 12 -0.31 017 40
A067 275 7 7 16 0 0 0 62 31 0.70 052 50
A068 60 23 04 0 0 0 14 04 0.24 010 60
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appendix 7.4
CONSUMPTION IN ROUNDABOUT QUEUES
REF DIST JT EXPT NS ST
B14 19 0 143 13 6 53
B114 125 44 14 1 1
B27 565 111 33 0 0
B28 253 105 16 2 13
B29 239 79 16 0 0
B213 7 5 15 8 0 0
B 2 21 123 51 14 2 3
B34 319 64 18 0 0
B39 266 137 16 4 49
B310 240 93 16 4 13
B320 157 41 18 0 0
BA45 28 7 2 0 0
BA48 113 109 6 4 55
BA49 265 124 16 2 19
BAIO 242 170 16 7 62
BA21 25 7 3 0 0
BB43 76 36 4 1 3
BB44 242 90 16 3 4
STPF CC EXPF GRADE KE ROAD
19 89 13 0.48 072 15
0 31 14 0.36 041 17
0 103 68 0.53 080 13
4 69 27 0.00 052 14
0 70 16 0.48 057 15
0 13 12 0.26 025 16
0 36 14 0.36 049 17
0 68 46 2.90 088 11
17 89 27 0.00 123 14
3 71 16 0.48 072 15
0 33 18 0.36 060 17
0 2 2 1.7 6 048 12
23 60 14 0.5 3 044 13
7 85 27 0.00 070 14
21 110 16 0.48 074 15
0 5 3 0.36 000 17
0 20 7 0.00 031 14
0 66 16 0.48 073 15
PAGE A7.4.3
CHAPTER 8
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Further Estimates of 
CXSCC and XSCC
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APPENDIX 8 .1
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